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Microwave  energy  is  becoming  more  important  in  the  processing  and 
fabrication  of  materials.  Microwave  heating  is  unique  and  may  be  regarded  as  an 
alternative  processing  means  by  which  shorter  processing  times  are  often  achieved. 
Heat  generation  upon  material  irradiation  with  microwaves  is  internal  and 
volumetric.  These  thermal  distributions  make  it  possible  to  rapidly  and  uniformly 
heat  treat  large  ceramic  bodies.  Several  ceramic  systems  have  been  successfully 
sintered  using  microwave  energy.  The  commonly  observed  high  sintering  rates  and 
grain  growth  are  thought  to  be  due  to  enhanced  diffusion  brought  about  by  the 
microwave  field.  However,  experimental  evidence  to  date  has  not  provided  the 
empirical  data  necessary  to  substantiate  this  claim. 
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This  research  is  concerned  with  the  issue  of  diffusion  enhancements  brought 
about  by  microwave  energy  (the  so-called  "microwave  effect").  The  major  goal  of  this 
study  was  to  provide  the  experimental  evidence  for  microwave  enhanced  diffusion, 
if  any. 

Evidence  of  the  existence  of  the  microwave  effect  was  demonstrated  through 
an  ion  exchange  (a  diffusion  controlled  process)  investigation  performed  on  a specific 
glass  system.  In  addition,  the  microwave  benefits  appear  to  depend  on  the  structure 
of  the  material  to  be  processed.  A correlation  was  established  between  the  structure 
of  the  glass  compositions,  their  dielectric  behavior  and  microwave  enhanced 
diffusion. 
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CHAPTER  1 


INTRODUCTION 

There  is  increasing  evidence  of  unusual  effects  brought  about  by  microwave 
energy.  These  effects  include  enhanced  reaction  kinetics  and  diffusion  rates.  The 
overall  objective  of  this  study  is  to  demonstrate  the  existence  of  the  so-called 
microwave  effect,  if  any.  The  goal  of  this  investigation  is  achieved  through  a 
diffusion  study  as  will  be  presented  in  this  dissertation.  The  materials  selected  for 
this  microwave  driven  diffusion  study  are  a series  of  sodium  aluminosilicate  glasses. 

This  chapter  briefly  introduces  the  reader  to  microwave  heating,  oxide  glasses, 
glass  chemical  strengthening  (a  diffusion  controlled  process)  and  glass  surface 
modification  using  microwave  energy.  Also  included,  is  a brief  overview  of  this 
dissertation. 

One  of  the  objectives  of  materials  research  is  to  promote  efficient  processing 
methods.  Microwave  energy  is  a unique  energy  source  and  offers  an  alternative 
processing  method  by  which  shorter  processing  times  are  often  achieved.  A better 
understanding  of  microwave/materials  interaction  and  equipment  design  is  the  key 
factor  in  promoting  this  technology  to  a greater  industrial  level.  With  the  exception 
of  food  processing  and  several  other  applications  (rubber  curing),  microwave 
processing  of  materials  is  still  at  an  early  stage  of  industrial  implementation. 
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1.1  Conventional  Versus  Microwave  Heating 

Conventional  heating  (resistance  or  gas-fired  ovens  and  furnaces)  is  the 
primary  means  by  which  heat  treatment  of  material  systems  is  accomplished.  In 
conventional  heating,  heat  is  transferred  to  the  surface  of  the  material  by  convection 
and  radiation  (conduction  in  some  cases).  In  some  processing  methods,  a vacuum 
is  used  and  convection  is  not  a method  of  heat  transfer.  The  establishment  of  a 
thermal  gradient  between  the  surface  and  the  interior  of  the  material  drives  the  heat- 
energy  transfer.  From  the  surface,  heat  is  conducted  to  the  interior  of  a given 
material  through  the  propagation  of  anharmonic  elastic  waves,  and  this  conductivity 
process  is  referred  to  as  phonon  conductivity.  At  elevated  temperatures  ( > 600°  C), 
materials  emit  high  frequency  electromagnetic  radiation.  The  mechanism  by  which 
this  energy  is  transferred  to  the  surrounding  is  photon  conductivity.  The  overall 
thermal  conductivity  (phonon  plus  phonon)  of  most  ceramics  is  low,  and  heat  transfer 
is  a slow  process.  This  may  pose  problems  such  as  nonuniform  processing  in  large 
ceramics  articles.  The  difference  in  thermal  history  experienced  by  the  interior  and 
the  surface  may  cause  microstructural  inhomogeneities  across  the  body  of  the 
ceramic. 

In  the  last  few  years,  there  has  been  increasing  evidence  of  unusual  effects 
brought  about  by  the  use  of  microwave  energy.  Reduction  of  activation  energies  for 
diffusion,  enhanced  ionic  interdiffusion,  enhanced  sintering  and  grain  growth  have 
been  observed  during  microwave  heating  [Mee88,  Swa88,  Ahm91,  Fat91,  Jan90]. 
These  "microwave  effects"  have  sparked  extensive  research  aimed  at  developing  a 
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better  understanding  of  microwave/materials  interaction.  Although  substantial 
progress  has  been  made  in  this  area,  a general  theory  that  encompasses  all  the 
observed  effects  has  not  been  developed.  More  study  is  needed  in  the  areas  of 
computational  techniques,  modeling,  quantifying  microwave/materials  interactions 
and  dielectric  measurements  of  materials  at  microwave  frequencies. 

Industrial  use  of  microwaves  is  carried  out  at  discrete  frequencies  within  given 
bands  carefully  selected  so  as  not  to  interfere  with  frequencies  utilized  in 
telecommunications,  defense  and  maritime  applications.  Thus,  one  should  bear  in 
mind  that  the  wealth  of  information  about  microwave  processing  available  in  the 
literature  only  partially  reflects  the  potential  of  this  new  processing  means  due  to  the 
limited  frequencies  investigated. 

Microwave  heating  is  fundamentally  different  from  conventional  processing. 
Depending  on  the  microwave  absorption  of  the  material,  heat  generation  can  be 
volumetric  and  within  the  material  rather  than  originating  from  external  heating 
sources.  Consequently,  the  thermal  profiles  generated  within  a ceramic  article,  when 
subjected  to  microwaves,  are  quite  different  from  those  generated  by  infrared 
heating.  Microwave  processing  makes  it  possible  to  achieve  uniform  heating  in  both 
small  and  large  shapes  [Sut89].  Furthermore,  the  thermal  stresses  accompanying  the 
conventional  processing  methods  appear  to  be  of  a lesser  magnitude  when  the 
samples  are  processed  in  the  presence  of  a microwave  electric  field.  Although  the 
fundamentals  behind  material/ microwave  interactions  are  not  completely  understood, 
a wide  range  of  ceramic  materials  have  been  processed  with  microwave  energy.  The 
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potential  benefits  brought  about  by  the  use  a microwave  electric  field  may  include 
the  reduction  in  manufacturing  costs  due  to  energy  savings  and  shorter  processing 
times,  improved  product  yield,  improved  or  unique  microstructures  and  synthesis  of 
new  materials  [De91,  Sut89], 

Today,  ceramic  materials  are  becoming  accepted  for  many  applications  which 
typically  have  employed  metals.  Some  of  these  products  include  bearings  and  engine 
components.  This  broadening  in  the  use  of  ceramics  is  due,  in  part,  to  the  ability  to 
alter  the  surface  structures  of  these  materials  to  enhance  physical  and  mechanical 
properties.  Modifying  the  surface  of  the  material  can  increase  significantly  the 
products'  strength,  alter  its  optical  properties  or  improve  its  environmental  stability. 

1.2  Oxide  Glasses 

Glass,  a ceramic  material,  is  a versatile  material  widely  used  in  today's 
technology  because  of  its  transparency,  chemical  durability,  low  thermal  conductivity, 
and  thermal  insulating  properties.  Moreover,  glass  properties  such  as  chemical 
durability,  thermal  shock  resistance,  electrical  and  optical  properties  can  be  altered 
to  accommodate  various  technical  purposes  by  modifying  the  composition  of  the 
glass.  Glasses  exhibit  plastic  behavior  at  high  temperatures,  and  are  rigid  and  brittle 
at  low  temperatures.  Glass  is  inherently  a strong  material  with  a theoretical  strength 
in  the  range  of  106  psi.  However,  due  to  the  absence  of  any  stress-relief  mechanisms 
such  as  plastic  flow,  it  is  sensitive  to  stress  risers  (or  concentrators)  in  the  form  of 
flaws  on  the  surface.  For  this  reason,  glass  strength  is  limited  to  a few  thousand  psi 
(~  10,000  psi)  [Dor86].  Furthermore,  glass  failure  is  always  tensile  in  nature,  and 
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almost  always  originates  from  the  surface.  By  incorporating  compressive  stresses  into 
the  glass  surface,  the  strength  of  the  material  can  be  increased  significantly. 

Chemical  strengthening  is  one  surface  modification  technique  using  ion 
exchange  mechanisms  to  place  the  surface  layer  of  the  material  into  compression. 
The  process,  which  is  diffusion  controlled,  is  accomplished  when  a concentration 
gradient  exists  between  two  different  ionic  species  which  drives  the  ions  to  exchange 
positions.  When  the  replacement  ion  has  a larger  radius,  the  surface  of  the  material 
attempts  to  expand  to  accommodate  the  larger  ion.  However,  the  bulk  material  (the 
underlying  glass)  does  not  expand  and  the  surface  layer  is  placed  into  compression. 
The  thickness  of  this  layer  determines  the  extent  of  strengthening  that  results  in  the 
material.  Current  methods  of  surface  modification  require  long  periods  of  time  in 
conventional  ovens.  The  high  cost  of  lengthy  heat  treatments  (from  about  200°  C to 
550°  C)  limits  the  use  of  surface  modification  (chemical  strengthening)  techniques  to 
those  products  where  the  property  considerations  justify  the  expense. 

Most  practical  ion-exchange  is  done  in  molten  nitrate  salts.  Potassium  nitrate 
is  widely  used  in  the  industry  to  strengthen  glasses  containing  sodium  or  lithium  ions. 
The  upper  use  temperature  of  molten  nitrates  is  limited  by  the  onset  of  the  nitrate 
decomposition.  The  upper  use  temperature  can  be  extended  by  the  addition  of  the 
sulfates  such  as  K2S04  or  Na2S04.  There  are  other  alternatives  for  high  temperature 
ion  exchange.  One  is  to  use  pastes  or  slurries  containing  the  desired  cations,  mixed 
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The  ion-exchange  properties  of  glass  and  the  kinetics  involved  in  the 
interdiffusion  reactions  are  of  practical  as  well  as  scientific  interest.  Ion-exchange 
is  the  basis  of  numerous  applications  such  as  chemical  strengthening  (aircraft  wind- 
shields, high  strength  transmitting  lenses,  dental  porcelain),  gradient  index  (GRIN) 
lenses  as  well  as  planar  waveguides  is  used  in  models  describing  the  glass  durability 
and  the  functioning  of  the  pH  glass  electrodes. 

Although  chemically  strengthened  glass  is  more  expensive  than  thermally 
tempered  glass,  there  are  applications  for  which  nothing  else  will  do.  Chemical 
strengthening  can  be  deliberately  varied  to  provide  a control  over  the  fracture 
pattern  of  the  glass.  Depending  on  the  temperature,  heat  treatment  time,  glass 
thickness,  and  the  ionic  species  involved  in  the  ion-exchange,  glass  can  be  made  to 
break  into  pieces  as  coarse  as  those  of  an  annealed  glass,  or  as  fine  as  those  of 
thermally  tempered  glass,  or  so  fine  that  no  particle  larger  than  a millimeter  can  be 
found.  Glasses  that  shatter  in  to  a multitude  of  fragments  find  worldwide  application 
in  defense  industries.  A sodium  aluminosilicate  glass  produced  by  Corning  (Code  # 
0313)  has  been  used  since  the  early  1970s,  to  protect  the  optical  elements  of  the 
Maverick  missile  in  captive  flight.  Just  prior  to  launch,  this  pre-stressed  glass  is 
broken  into  thousands  of  small  pieces  by  impacting  the  glass  with  a tungsten  carbide 
tipped  stylus.  Another  pre-stressed  sodium  aluminosilicate  Corning  glass  (Code 
#0317)  is  used  to  fabricate  protective  glass  domes.  In  addition,  this  versatile  glass 
composition  is  used  for  some  automotive  applications.  The  Corning  glass  (Code 
#0317)  was  one  of  the  glass  systems  selected  for  this  study. 
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1.3  Surface  Modification  Using  Microwave  Energy 

The  present  study  was  undertaken  to  better  understand  the  previously 
observed  phenomenon  of  increased  ionic  diffusion  in  a microwave  field.  Glasses 
were  the  system  of  choice  for  this  diffusion  study.  The  absence  of  interfaces  and 
grain  boundaries  in  glasses  limits  the  diffusion  mechanisms  to  volume  diffusion  and 
thus  facilitates  discussion  of  the  results.  Although,  single  crystal  materials  do  not 
contain  grain  boundaries  and  are  therefore  good  systems  upon  which  diffusion  studies 
can  be  performed,  they  are  expensive.  Glasses  have  two  appealing  characteristics: 
1)  low  production  cost  and  2)  no  grain  boundaries;  thus  the  interest  in  using  glasses 
in  this  study. 

The  sodium  aluminosilicate  (NAS)  glass  system  was  selected  for  surface 
modification  using  microwave  energy.  This  system  exhibits  major  structural  changes 
accompanied  with  significant  dielectric  properties  differences  when  r,  the  ratio  of 
alumina  to  alkali  ion,  is  taken  as  a variable.  Four  experimental  NAS  glass 
compositions  were  studied.  A NAS  commercial  (Corning  0371)  glass  composition  of 
the  sodium  aluminosilicate  system,  where  the  composition  is  bracketed  by  the 
experimental  compositions  was  also  included  in  this  investigation. 

The  main  goal  of  this  investigation  was  to  prove  the  existence  of  the  so  called 
microwave  effect,  if  any.  This  goal  was  achieved  by  addressing  the  following  areas: 

1)  Measure  the  dielectric  properties  of  the  NAS  glass  series. 

2)  Evaluate  the  effect  of  microwave  radiation,  if  any,  on  the  ion  exchange 
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reactions  of  K+  for  Na+  and  K+  and  Ag+  for  Na+  in  four  different  compositions  of 
sodium  aluminosilicate  glasses. 

3)  Compare,  for  the  four  chosen  glass  compositions,  the  penetration  depth 
achieved  by  the  alkali  ions  after  processing  in  both  a microwave  and  a conventional 
oven. 

4)  Evaluate  the  effect  of  the  microwave  incident  power  on  the  interdiffusion 
reactions. 

5)  Establish  a correlation,  if  any,  between  the  dielectric  properties  to  the 
extent  of  alkali  interdiffusion  achieved  in  the  different  glass  compositions. 

6)  Measure  the  glass  hardness  after  ion  exchange. 

7)  Calculate  the  interdiffusion  coefficients  of  Na+  for  K+  in  the  Corning  glass 
composition  subjected  to  different  heat  treatments  in  both  heating  methods. 

1.4  Dissertation  Overview 

In  Chapter  2,  a general  review  on  microwave  radiation,  microwave 
engineering,  and  microwave/materials  interactions  is  presented.  Interested  readers 
are  provided  with  a brief  overview  of  the  field.  Chapter  3 provides  some  background 
on  glasses  and  glass  properties  of  relevance  to  this  study.  Chapter  4 outlines  the 
materials,  experimental  procedures,  and  analytical  techniques  used  in  this  study.  The 
results  of  this  investigation  are  presented  in  Chapter  5.  The  discussion  of  these 
results  is  provided  in  Chapter  6.  Chapter  7 consists  of  the  conclusions  drawn  from 
this  study,  and  Chapter  8 contains  suggestions  for  future  work.  Additional 
calculations  are  shown  in  the  Appendices. 


CHAPTER  2 


BACKGROUND 

Introduction 

This  chapter  has  two  major  independent  sections.  The  section  2.1  provides 
the  reader  with  a brief  overview  of  the  microwave  engineering  field  and  includes 
detailed  discussions  dealing  with  microwaves,  microwave  generation,  transmission, 
applicators,  the  history  of  microwave  processing  and  some  health  hazards.  Readers 
already  familiar  with  this  subject  may  select  to  start  at  the  second  section  of  this 
chapter. 

The  section  2.2  of  this  chapter  concerns  itself  with  the  theoretical  aspects  of 
microwave  heating  and  microwave/materials  interactions.  The  fundamentals 
discussed  in  this  section  are  relevant  to  the  goals  of  this  investigation  and  will  be 
referred  to  throughout  this  dissertation. 

2.1  Microwaves 

Microwaves  are  electromagnetic  waves  whose  frequencies  range  from  300 
MHz  (Megahertz)  to  300  GHz  (Gigahertz).  Their  corresponding  wavelengths  range 
from  one  meter  to  submillimeters.  Figure  2.1  shows  a frequency  spectrum  including 
the  microwave  region.  The  letter  designations  for  the  commonly  used  microwave 
bands  are  listed  in  Table  2.1.  The  lower  end  of  the  microwave  region  borders  radio 


9 


10 


MF 


<\)  = 

1000  m 


HF 


VHF 


UHF 


SHF 


100  m 


10  m 


1 m 


10  cm 


EHF 

1cm  1 mm 


1 p.m 


Figure  2.1.  Electromagnetic  spectrum  and  frequencies  used  in  microwave 
processing  of  ceramics,  adapted  from  Sutton  [Sut92]. 
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Table  2.1.  Microwave  Bands  [Gan81], 


Band 

Frequency 
Region  (GHz) 

Band 

Frequency 
Region  (GHz) 

UHF 

0.3-1.12 

K 

18.0-26.5 

L 

1.12-1.7 

Ka 

26.5-40.0 

LS 

1.7-2.6 

Q 

33.0-50.0 

S 

2.6-3.95 

U 

40.0-60.0 

C 

3.95-5.85 

M 

50.0-75.0 

XC 

5.85-8.2 

E 

60.0-90.0 

X 

8.2-12.4 

F 

90.0-140.0 

Ku 

12.4-18.0 

G 

140.0-220.0 

R 

220.0-325.0 
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frequencies,  while  the  upper  end  is  adjacent  to  infrared  frequencies.  Microwaves  are 
widely  used  in  modern  society.  Their  applications  are  diverse  and  range  from  point 
to  point  communication  and  radar  to  cooking  ovens. 

Microwave  radiation  obeys  the  laws  of  electromagnetism.  The  equations 
which  are  known  as  Maxwell's  equations  are  a summary  of  the  four  basic  laws  of 
electromagnetism.  These  fundamental  laws  are  briefly  summarized  in  this  text. 

1.  The  flux  of  the  electric  induction  D out  of  a closed  surface  is  equal  to  the 
total  free  charge  enclosed  inside  the  surface. 

JJ  D • dA  = JJJ  p dv  (2.1) 

where  p is  the  charge  density  and  dA  and  dv  are  elements  of  the  surface  area  and 
volume. 

2.  The  flux  of  the  magnetic  flux  density  B out  of  a closed  surface  is  zero. 

JJ  B • dA  = 0 (2.2) 

3.  The  line  integral  of  the  magnetic  field  vector  H around  a closed  path 
is  equal  to  the  total  current  flux  through  a surface  bounded  by  that  path 

J H • dl  = JJ  (J  + 3 D/8t)  • dA  (2.3) 

where  J is  the  conduction  current  density. 

4.  The  line  integral  of  the  electric  field  vector  E around  a closed  path  is 
equal  to  the  rate  of  change  of  the  magnetic  flux  through  a surface  bounded  by  that 
path. 


J E • dl  = - JJ  aB/at  • dA 


(2.4) 
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The  laws  may  also  be  written  in  equivalent  differential  form: 

1.  Gauss's  theorem  of  electrostatics 

v * D = p (2.5) 

2.  Gauss's  theorem  of  magnetostatics 

V • B = 0 (2.6) 

3.  The  magnetic  circuit  law 

V X H = J + dD/dt,  and  (2.7) 

4.  Faraday's  law  of  electromagnetic  induction 

V X E = -dB/dt  (2.8) 

These  expressions  can  be  given  meanings  in  a variety  of  coordinate  systems. 
Cartesian,  cylindrical  or  spherical  polar  coordinates  are  commonly  used. 

The  last  equation  needed  is  the  law  of  conservation  of  charge  which  states 
that  the  net  current  flow  out  of  a closed  surface  is  equal  to  the  rate  of  decrease  of 
the  enclosed  charge.  This  continuity  equation  is  expressed  in  both  integral  and 
differential  forms 

J/  J * dA  = - d/d  JJJ  p dv  (2.9) 

V • J = -dp/dt  (2.10) 

In  order  to  make  use  of  the  fundamental  equations  of  electromagnetism,  another  set 
of  equations  is  needed  to  summarize  the  experimental  information  about  the 
properties  of  materials. 

1.  Conductive  materials  (Ohm's  law): 


J = aE 


(2.11) 


14 

where  a is  the  conductivity  of  the  material. 

2.  Dielectric  materials: 

D = eE  (2.12) 

where  e is  the  permittivity  of  the  material  which  can  also  be  written: 

e = £ok'  (2.13) 

where  e0  is  the  permittivity  of  empty  space  and  k'  is  the  dielectric  constant  of  the 
material. 

3.  Magnetic  materials: 

B = MH  (2.14) 

where  \i  is  the  permeability  of  the  material  which  can  also  be  written  as 

M = (2.15) 

where  M o is  the  permeability  of  empty  space  and  ja  r is  the  relative  permeability  of  the 
material. 

For  some  materials,  either  or  both  er  and  jur  can  be  complex  indicating  a 
possible  phase  delay  between  D and  E or  B and  H as  in  the  case  of  alternating 
fields. 

These  equations  are  empirically  derived  and  are  generally  accepted  in  the 
forms  written  above.  In  some  cases  however,  as  in  the  case  of  ferroelectric  and 
ferromagnetic  materials,  the  relative  permittivity  and/or  permeability  of  the  materials 
are  not  isotropic  and  cannot  be  treated  as  scalers. 

Microwaves,  like  all  the  other  waves  of  the  electromagnetic  spectrum,  travel 
in  a straight  line  at  the  speed  of  light.  A microwave  propagating  in  free  space 
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becomes  a spherical  wave  since  it  travels  with  equal  speed  in  all  directions  from  the 
source.  In  free  space,  where  there  are  no  obstacles,  the  wavefront  will  move  with  the 
velocity  of  light  from  its  source.  Hie  presence  in  space  of  a medium  that  affects 
permittivity,  permeability,  or  conductivity  will  affect  the  propagation  of  the  wave. 

One  of  the  most  important  consequences  of  Maxwell's  equations  is  the  self- 
propagation  properties  of  electromagnetic  waves.  A time-varying  magnetic  field 
produces  a time-varying  electric  field,  which  in  turn  creates  a time-varying  magnetic 
field.  Wave  propagation  equations  are  derived  from  the  fundamental  equations  of 
electromagnetism.  In  a cartesian  reference  system  (x,y,z),  with  the  assumption  that 
propagation  is  along  the  z axis  in  a perfect  insulator  or  in  a space  free  of  charges, 
and  that  the  electric  field  is  not  a function  of  y and  z,  these  equations  are  found  to 
be 

d2EJdz2  = n^re0k'd2EJdt2  (2.16) 

This  is  the  well  known  wave  equation  of  mathematical  physics  which  is  a second- 
order  differential  equation  with  two  independent  solutions.  Similarly  the  alternating 
magnetic  field  also  has  two  independent  solutions. 

The  boundary  conditions  should  be  taken  into  account  for  any  particular 
solution  of  either  the  magnetic  field  (which  only  has  a component  in  the  y direction) 
or  the  electric  field  (which  only  has  a component  in  the  x direction).  The  geometric 
relationship  between  Ex  and  Hy  in  a plane  electromagnetic  wave  is  usually 
represented  as  in  Figure  2.2  Both  E and  H are  sinusoidal  propagating  along  the  z 
axis  at  the  phase  velocity  of  the  wave  [Car90j. 
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Figure  2.2.  Relationship  between  the  electric  and  magnetic  field  in  a plane 
electromagnetic  wave. 
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2.1.1  Microwave  Generation 

In  general,  microwave  appliances  have  three  major  components;  a microwave 
generator,  a waveguide  and  an  applicator.  Microwaves  can  be  generated  by  several 
methods.  Microwave  signal  transmission  can  be  performed  using  transmission  lines 
(defined  in  section  2.A.3)  or  waveguides.  Waveguides  are  inherently  shielded  and 
are  more  widely  used  for  low-loss  transmission.  There  are  many  types  of  microwave 
applicators,  each  usually  designed  for  a specific  use.  Examples  include  a resonant 
cavity  with  dimensions  chosen  for  a specific  application  to  an  antenna  for  direct 
irradiation.  Microwave  generation  is  discussed  first,  followed  by  waveguides  and 
applicators. 

Reliable  microwave  sources  (generators)  became  a reality  in  1919  [Riz88]. 
The  tubes  used  in  microwave  circuits  today  are  quite  different  from  those  employed 
in  the  early  development  of  televisions  and  radios.  The  following  section  provides 
a brief  description  of  magnetrons,  klystrons,  traveling  wave  tubes  (TWT),  backward 
wave  oscillators  (BWO),  cross-field  amplifiers  (CFA),  and  masers.  There  is  a special 
emphasis  on  the  magnetrons  tubes  since  they  are  of  special  interest  in  heating 
materials  using  microwave  energy. 

2.1.1a  Magnetrons 

The  early  detection  of  enemy  ships  in  World  War  II  created  extensive  interest 
in  developing  better  and  more  reliable  decimeter  and  centimeter  power  sources, 
specifically  the  magnetron  and  klystron  tube. 
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Magnetron  tubes  are  the  most  economic,  smallest,  and  lightest  sources  of 
radio  frequency  (RF)  and  microwave  frequency  (MWF)  power  that  can  be  used  in 
high  power  radar  and  industrial  applications.  The  magnetron's  basic  design  has 
changed  little  since  its  conception  by  Albert  Wallace  Hull  in  1921.  The  magnetron 
tube  was  developed  independently  in  the  United  States  (model  MS-30  at  3.3  GHz, 
1929-1931,  Westinghouse),  Japan  (K.  Okabe),  France,  Germany,  England  and 
Czechoslovakia  [Thu92]. 

The  magnetron  is  a diode  in  which  the  magnetic  field  is  perpendicular  to  the 
electric  field  existing  between  the  cathode  and  anode  [Thu92,  Lav76].  The  magnetic 
field  is  created  by  either  permanent  magnets  or  by  electromagnets.  The  electrons 
are  emitted  from  the  heated  cathode  and  travel  toward  the  anode  at  a velocity 
proportional  to  the  existing  difference  in  potential.  The  anode  is  generally  at  ground 
potential  while  the  cathode  is  at  a high  negative  potential.  Due  to  the  applied 
magnetic  field,  the  electrons  do  not  travel  in  straight  paths.  The  charged  species 
traveling  at  a given  velocity  through  the  lines  of  a magnetic  field  are  subjected  to  a 
right  angle  force  called  Lorentz's  force.  The  intensity  of  this  force  is  directly 
proportional  to  the  velocity  of  the  charged  species  and  the  intensity  of  the  existing 
magnetic  field.  Its  direction  is  perpendicular  to  the  plane  formed  by  the  magnetic 
and  the  electric  fields  causing  displacement  of  the  charged  species.  If  the  magnetic 
field  applied  in  the  magnetron  is  intense  enough  (the  cut-off  value  of  the  magnetic 
field)  the  electrons  completely  miss  the  anode  and  no  current  circulates  in  the 
magnetron.  If  the  magnetic  field  is  adjusted  to  the  cut-off  value,  and  the  electrons 
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fail  to  reach  the  anode,  the  magnetron  can  produce  oscillations  by  virtue  of  the 
currents  induced  electrostatically  by  the  moving  electrons.  The  frequency  of  the 
oscillations  is  related  to  the  time  it  takes  the  electrons  to  complete  their  travel  from 
the  cathode  toward  the  plate  and  back  again.  The  electrons  rotating  at  a constant 
velocity  give  up  energy  in  the  microwave  frequency  and  radio  frequency  range.  The 
microwave  energy  is  coupled  by  means  of  a probe  from  one  of  the  resonant  cavities 
into  an  output  coupling  antenna  where  it  is  launched  into  a waveguide. 

There  are  two  types  of  magnetrons;  conventional  and  coaxial  [Lav76,  Dec86j. 
The  conventional  magnetrons  can  be  subdivided  into  three  types  (cyclotron- 
frequency,  negative  resistance  and  multi-cavity)  based  on  how  energy  is  transferred 
to  the  RF  field. 

For  the  cyclotron-frequency  magnetron,  the  diode  consists  of  a cathode 
cylinder  inside  an  anode  cylinder.  It  is  positioned  between  the  poles  of  a magnet 
such  that  the  magnetic  lines  are  perpendicular  to  the  electric  field  established 
between  the  anode  and  the  cathode.  The  cyclotron-frequency  magnetron  operates 
by  virtue  of  resonance  between  the  period  of  RF  oscillation  and  the  rotational 
motion  of  the  electron. 

The  negative-resistance  magnetron  is  also  referred  to  as  the  split-anode 
magnetron,  because  the  anode  is  split  in  half.  The  split  plane  is  parallel  to  the  axis 
of  the  anode.  This  type  of  magnetron  operates  on  the  principle  of  the  static  negative 
resistance  characteristic  between  the  anode  sections.  It  is  capable  of  great  output 
and  operates  at  high  frequencies. 
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The  multi-cavity  magnetron  consists  of  a cylindrical  anode  structure 
containing  a number  of  equally  spaced  cavity  resonators  (see  Figure  2.3).  An 
electron  traveling  between  the  cathode  and  the  anode  of  such  a tube  is  subjected  to 
accelerating  and  decelerating  forces  resulting  in  a spiral  motion  around  the  anode, 
with  the  electron  affected  by  all  the  cavities  [Lav76,  Dec86,  Thu92,  Ada69].  This 
magnetron  s function  depends  on  the  mean  velocity  of  the  electron  being 
synchronized  with  the  velocity  of  the  traveling-wave  component  of  the  RF  interaction 
field  between  the  cathode  and  anode.  The  multi-cavity  magnetron  is  the  microwave 
tube  most  commonly  used  in  the  microwave  ovens  and  microwave  processing  systems. 

The  coaxial  magnetron  is  actually  an  extension  of  the  conventional  magnetron 
structure  (cathode  surrounded  by  an  anode)  with  the  addition  of  a third  element,  a 
coaxial  cavity  that  surrounds  the  anode  forming  the  inner  walls.  The  coaxial 
magnetron  has  improved  performance  over  conventional  magnetrons.  The 
advantages  include:  operating  mode  control,  lower  fields,  decreased  arcing,  very  high 
quality  factor,  Q,  (further  defined  in  equation  2-19)  and  ease  of  tuning.  The 
disadvantages  of  this  tube  is  its  size  and  weight. 

Most  magnetron  sources  for  multimode  microwave  ovens  operate  over  a 
specific  band  width  to  avoid  interference  with  existing  communication  systems. 
2.1.1b  Klystrons 

The  klystron,  invented  in  1935  by  Oscar  Heil  and  A.  Arsenjewa-Hail  of  the 
C.  Lorenz  AG  company  in  Berlin,  is  a tube  based  on  the  velocity  modulation  of  an 
electron  beam.  Klystrons  can  generate,  receive,  and  amplify  radio  and/or  microwave 
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A — Anode 
C — Cathode  cap 
H — Magnetic  field 
K — Cathode 

S — Radio  frequency  output 
Vq  — Collector  voltage 


Figure  2.3.  a)  Diagram  of  a magnetron  [Thu92]. 
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Figure  2.3  (continued),  b)  Electron  trajectory  in  the  anode  block  of  a 
magnetron,  1)  electric  field  only,  2)  magnetic  field  only  and  3)  superposition 
of  the  two  orthogonal  fields  [Thu92]. 
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signals.  The  two  basic  types  of  klystrons  are  the  multi-cavity  and  reflex.  The 
klystron,  in  the  microwave  range,  performs  the  same  functions  that  ordinary  vacuum 
tubes  do  at  the  RF  range.  It  takes  advantage  of  the  very  thing  that  defeats  the  triode 
tubes  - the  transit  time  of  the  electrons.  It  takes  an  electron  approximately  a 
billionth  (10  ) of  a second  to  cross  the  tube.  The  alternating  voltage  on  the  grid  can 
not  be  in  the  MW  frequency  range  since  the  signal  frequency  and  the  electron  transit 
time  are  within  the  same  time  frame,  this  would  induce  chaos  among  the  electrons. 
The  functional  description  of  the  multi-cavity  klystron  is  discussed  in  the  following 
paragraph.  A more  detailed  explanation  is  provided  in  the  literature  [Ben91,  Gan81, 
Lav76], 

Electrons  are  emitted  by  the  cathode  and  are  drawn  toward  a plate  by  virtue 
of  a difference  in  potential.  The  electrons  are  focused  by  either  magnetic  or 
electrostatic  means.  A series  of  resonant  cavities  are  aligned  next  to  each  other  and 
are  bonded  by  grids  and  separated  from  each  others  by  drift  tubes  (see  Figure  2.4). 
The  electrons  are  drawn  to  the  first  resonant  cavity  in  which  an  RF  or  MW  signal 
is  injected.  The  electrons  couple  to  the  signal  and  are  accelerated  in  a one  half-cycle 
and  are  retarded  in  the  other,  thus  speed  modulation  is  achieved.  Bunches  of 
accelerated  and  decelerated  electrons  are  formed  in  the  first  drift  tube.  The  second 
resonant  cavity  becomes  the  host  of  an  RF  or  MW  signal  and  an  electric  field  is 
established  in  the  entrance  of  the  second  draft  tube,  which  results  in  a second 
modulation  of  the  beam.  The  RF  or  MW  energy  is  extracted  at  the  last  cavity.  The 
efficiency  of  the  system  depends  on  several  parameters  including  the  number  of 
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Intermediate  cavities 


Figure  2.4.  Schematic  cross  section  of  a klystron  [Thu92], 
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resonant  cavities.  An  example  of  a klystron  operating  at  2.45  GHz  is  the  Thomson- 

CSF  TH  2045  tube  which  delivers  50  kW,  has  five  cavities  and  operates  at  65% 
efficiency  [Thu92], 

2.1.1c  Traveling  wave  tubes  fTWT) 

The  traveling  wave  tube  performs  the  same  functions  as  its  predecessors, 
however,  it  has  an  extremely  wide  bandwidth.  This  broadband  amplifier  is  capable 
of  sweeping  a range  of  frequencies  of  up  to  an  octave  in  bandwidth.  A bandwidth 
of  one  octave  is  one  in  which  the  upper  frequency  is  twice  the  lower  frequency 
[Lav68].  A simplified  sketch  of  the  helix  type  TWT  structure  is  shown  in  Figure  2.5. 
The  TWT  consists  of  four  major  parts:  the  electron  gun  assembly,  the  RF  interaction 
circuit,  the  focusing  magnets,  and  the  collector.  When  the  cathode  is  heated  it  emits 
a continuous  stream  of  electrons  which  are  drawn  to  the  anode,  and  focused  into  a 
narrow  beam  by  a magnetic  field.  At  the  same  time,  the  electrons  are  fed  into  a 
tightly  wound  helix.  An  RF  signal  is  injected  inside  the  system.  The  speed  with 
which  the  RF  energy  progresses  along  the  length  of  the  tube  is  determined  primarily 
by  the  pitch  of  the  helix.  The  velocity  of  the  RF  energy  is  made  synchronous  with 
the  velocity  of  the  electrons,  resulting  in  an  interaction  between  the  electron  beam 
and  the  RF  signal.  Some  of  the  electrons  are  accelerated  under  the  influence  of  the 
alternating  electric  field,  others  are  slowed.  As  these  velocity-modulated  electrons 
progress  through  the  helix  they  form  bunches,  resulting  in  the  amplification  of  the  RF 
(MW)  signal.  Some  materials  processing  systems  that  use  high  power  traveling  wave 
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Figure  2.5.  Schematic  of  the  helix  traveling  wave  tube  structure  [Ada69]. 
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tubes  (up  to  2KW)  are  now  in  existence  [Lau93].  Of  all  microwave  tubes,  only  the 
traveling  wave  tube  (TWT)  offers  a broad  bandwidth  operation. 

2,1. Id  Backward  wave  oscillators  and  cross  field  amplifiers 

The  last  two  ways  of  generating  MW  energy  are  by  backward  wave  oscillators 
(BWO)  and  cross  field  amplifiers  (CFA).  The  BWO  is  used  as  a local  oscillator  for 
the  internal  mixing  circuitry  of  spectrum  analyzers.  The  BWO  are  being  replaced  in 
many  applications  by  solid  state  sources.  The  CFAs  are  small,  light,  and  operate  at 
low  voltage.  The  CFA  is  capable  of  generating  high  peak  powers.  These  features 
make  the  CFA  the  microwave  amplifier  of  choice  for  applications  in  which  the 
transmitter  must  be  airborne,  spaceborne,  or  transportable.  Neither  the  BWO  or  the 
CFA  are  used  in  microwave  heating  systems. 

2. l.le  MASF.Rs 

The  MASER  (Microwave  Amplification  by  Stimulated  Emission  of  Radiation) 
concept  originated  independently  in  the  U.S.  and  in  the  former  Soviet  Union  during 
the  early  fifties.  The  importance  of  the  work  in  the  field  of  both  MASERs  and 
LASERs  (Light  Amplification  by  Stimulated  Emission  of  Radiation)  was  recognized 
by  the  international  scientific  community  by  awarding  the  Nobel  Prize  in  physics  to 
C.  H.  Townes,  N.  G.  Basov  and  A.  M.  Prokhorov  in  1964.  When  MASERs  were 
invented,  they  offered  a completely  new  and  revolutionary  method  for  producing 
microwaves. 

The  principle  of  operation  of  the  MASER  is  based  on  the  use  of  stimulated 
emission  of  electromagnetic  radiation  in  a medium  of  molecules  or  atoms  with  more 
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particles  in  the  upper  (excited)  state  than  in  the  lower  state  (that  is,  with  an  inverted 
population).  When  the  particles  of  the  system  interact  with  radiation  of  frequency 
equal  to  the  difference  between  their  ground  and  excited  energy  state,  they  are 
forced  to  the  upper  state  due  to  radiation  (energy)  absorption.  When  the  particles 
already  in  the  upper  state  interact  with  the  radiation,  they  fall  to  the  lower  energy 
state  by  emitting  radiation  of  the  same  frequency  as  the  incident  radiation 
(stimulated  emission).  However,  in  the  case  of  an  inverted  population,  a net  excess 
of  emitted  radiation  takes  place  over  the  absorbed  radiation,  and  an  amplification 
process  occurs.  The  radiation  emitted  in  this  manner  is  monochromatic  (because  of 
the  well  defined  particles  transitions)  and  coherent  (because  it  is  forced  by  the 
driving  field).  The  effective  coupling  between  the  particles  and  the  radiation  is 
achieved  by  the  use  of  a suitable  resonant  microwave  cavity. 

Molecular  roto-vibrational  states  (such  as  those  of  excited  ammonia  gas 
molecules)  or  paramagnetic  levels  in  solid  materials  (such  as  the  Zeeman  levels  of 
paramagnetic  ions)  provide  the  means  by  which  population  inversion  is  achieved  for 
MASER  applications.  The  frequency  of  the  MASER  is  therefore  dependent  on  the 

nature  of  the  molecule  (the  number  of  excited  energy  levels  and  the  distance 
between  them). 

2.1.2  Waveguides 

A transmission  line  can  be  defined  as  a device  that  transfers  energy  from  one 
point  to  another  with  a minimum  loss  [Lav78].  In  essence,  all  transmission  lines  are 
waveguides  since  they  are  designed  to  guide  the  energy  wave  along  a certain 
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direction.  Some  typical  microwave  transmission  lines  are  pictured  in  Figure  2.6.  The 
open  two-wire  line,  the  coaxial  line,  the  rectangular  waveguide  and  the  circular 
waveguide  are  all  used  in  industry  to  satisfy  specific  needs.  The  two-wire 
transmission  line  consists  of  two  parallel  conductors  insulated  from  each  other.  An 
open  two  wire  line  has  three  types  of  losses:  a)  radiation  losses,  b)  dielectric  losses 
and  c)  copper  losses.  At  low  frequencies,  and  over  short  transmission  distances,  the 
open  two  wire  line  finds  a world  wide  application,  namely  the  television  (TV)  twin- 
lead  used  to  connect  an  antenna  to  a TV  receiver.  The  coaxial  line  is  composed  of 
two  concentric  conductors  separated  by  an  insulating  material.  Coaxial  lines  are 
either  rigid  or  flexible.  The  dielectric  in  the  rigid  coaxial  line  is  usually  air.  The 
dielectric  in  flexible  coaxial  lines  is  usually  polyethylene.  The  coaxial  lines  allow  low- 
loss  transmission  and  are  used  also  in  the  TV  industry.  There  are  small  dielectric 
losses  in  the  low  frequency  coaxial  lines,  but  there  are  significant  dielectric  and 
copper  losses  as  frequency  increases. 

Waveguides  are  shielded,  capable  of  low-loss  microwave  transmission  and 
offer  several  advantages  over  the  two  wire  lines  or  the  coaxial  lines.  A waveguide 
requires  no  center  conductor  and  its  dielectric  is  usually  air. 

Waveguides  are  hollow  metallic  tubes  and  are  available  in  different  geometric 
configurations.  Waveguide  configuration  include  rectangular,  circular  and  elliptical. 
Under  special  conditions,  microwaves  can  be  transmitted  in  a dielectric  waveguide 
without  metallic  walls  [Dec86].  Waveguides  are  simple  to  make  and  involve  low-cost 
processing,  have  low-loss  per  unit  length  and  are  capable  of  handling  high  power. 
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(a)  Open  two-wire  line 


(b)  Coaxial  line 


Figure  2.6.  Typical  microwave  transmission  lines  [Riz88]. 
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The  construction  of  a waveguide  is  more  like  plumbing  than  wiring.  However,  dents, 
soldering  marks  and  joints  inside  a waveguide  increase  line  attenuation,  reduce  the 
breakdown  voltage  and  may  cause  standing  waves.  Circular  waveguides  are  used  in 
rotating  joints  because  of  their  physical  and  electrical  symmetry;  they  have  the 
advantage  of  greater  power-handling  capacity  and  lower  attenuation  for  a given  cutoff 
wavelength.  However,  it  is  difficult  to  control  the  plane  of  polarization  and  mode 
of  operation  of  a circular  waveguide  [Riz88,  Ada69].  Moreover,  circular  waveguides 
are  generally  large  and  heavy  and  thus,  rectangular  waveguides  are  more  widely  used 
in  the  industry.  The  main  disadvantage  of  waveguides  is  their  low  usable  bandwidth 
when  compared  to  coaxial  transmission  lines.  In  the  coaxial  lines,  both  the  inner  and 
outer  conductors  supply  current,  and  the  electric  and  magnetic  field  transmission  can 
occur  at  any  frequency.  In  other  words,  the  coaxial  line  has  no  cutoff  frequency. 
The  mechanism  of  electromagnetic  energy  transport  inside  waveguides  are  different 
from  those  of  coaxial  lines,  and  electromagnetic  signal  transmission  does  not  occur 
at  all  frequencies  as  will  be  discussed  in  the  next  paragraph. 

A rectangular  waveguide  has  a width  referred  to  as  the  "wide  dimension"  or 
a , and  a height  referred  to  as  the  "narrow  dimension"  or  "b"  (see  Figure  2.7).  The 
"a"  dimension  of  the  waveguide  cannot  be  less  than  one-half  of  the  wavelength. 
Frequencies  which  make  the  "a"  dimension  to  be  less  than  one-half  wavelength 
causes  the  circuit  to  become  an  inductive  shunt  and  thus  permits  no  wave 
propagation.  Both  the  electric  and  magnetic  fields  represent  evanescent  modes,  and 
are  rapidly  attenuated.  The  cut-off  frequency,  fc,  is  defined  as  the  frequency  at  which 
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Figure  2.7.  Waveguides  a)  with  commonly  used  rectangular  cross-section  and 
b)  with  less  widely  used  circular  cross-section. 
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the  corresponding  wavelength,  kc,  is  twice  the  wide  dimension  of  the  waveguide 
(Ac  = 2a).  All  wavelengths  shorter  than  the  cut-off  wavelength  pass  readily  through 
the  waveguide.  A waveguide  acts  as  a high  pass  filter  in  this  respect.  The  dimension 
b is  not  critical  for  frequency  transmission,  but  it  is  the  determinant  factor  for  the 
arc-over  voltage  level  of  the  waveguide.  Thus,  the  b dimension  is  made  large  for 
high  power  transmission. 

Electromagnetic  energy  does  not  move  straight  down  the  rectangular 
waveguide  as  an  electromagnetic  wave;  instead,  the  electromagnetic  energy 
progresses  down  the  guide  by  a series  of  reflections  off  the  internal  surface  of  the 
narrow  dimension.  The  electric  field  pattern  inside  the  waveguide  has  been 
extensively  studied  and  will  be  briefly  discussed  in  future  paragraphs  [Ram65,  Jac75, 
Saa71,  Dec86,  Gan81,  Ben91],  It  is  of  importance  to  define  some  basic  concepts 
before  discussing  electric  and  magnetic  field  patterns  inside  waveguides. 

There  are  two  basic  modes  of  transmission  inside  rectangular  waveguides:  1) 
the  transverse  electric  (TE)  mode  and  2)  the  transverse  magnetic  (TM)  mode.  A 
rectangular  waveguide  is  pictured  in  Figure  2.8.  The  TE  mode  of  propagation 
corresponds  to  the  mode  in  which  the  electric  field  is  transverse  to  the  direction  of 
propagation  (the  z axis).  The  electric  field  lines  along  the  waveguide  are  always 
parallel  to  the  plane  containing  the  x and  y axis.  In  other  words,  in  the  TE  modes 
(also  called  the  H-modes)  the  Ez  = 0.  In  the  TM  mode  (also  called  the  E-mode),  the 
magnetic  field  is  transverse  to  the  direction  of  propagation.  The  magnetic  field  loops 
along  the  length  of  the  waveguide  are  always  parallel  to  the  plane  formed  by  the  x 
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A.  TE  Mode 


TM  Mode 


Figure  2.8.  Transverse  mode  waveguides  a)  electric  (TE)  and  b)  magnetic 
(TM). 
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and  y axis  (Bz-0).  The  derivation  of  the  normal  modes  of  such  ideal  waveguides  can 

be  found  in  a number  of  references  [Ben91],  so  only  the  final  results  of  the 
derivations  are  given  in  Table  2.2. 

The  TE  and/or  TM  modes  are  usually  referred  to  as  TEmn  or  TMmn,  where 
the  subscripts  describe  the  electric  and  magnetic  field  configurations.  The  subscript 
m indicates  the  number  of  half-wave  variations  of  the  electric  field  along  the  "a" 
dimension  of  the  rectangular  waveguide.  The  subscript  n indicates  the  number  of 
half-wave  variations  of  the  electric  field  in  the  "b"  dimension  of  the  rectangular 
waveguide.  For  circular  waveguides,  m is  the  number  of  full  period  variations  of 
electric  or  magnetic  field  along  a circular  path  concentric  with  the  wall  and  n is  one 

more  than  the  total  number  of  electric  or  magnetic  field  reversals  along  a radial 
path. 

The  TE10  mode  is  referred  to  as  the  dominant  mode  in  which  the  lowest 
frequency  (the  longest  wavelength)  that  can  propagate  in  the  waveguide  is  found. 
For  example,  the  TE10  is  a mode  in  which  there  is  only  one  half  wave  variation  along 
the  "a"  dimension.  Figures  2.9  and  Figure  2.10  show  the  field  configurations  and  the 

cutoff  wavelength  of  various  order  modes  in  rectangular  and  circular  waveguide 
[Dec86]. 

There  are  various  cut  off  wavelengths  of  rectangular  waveguide  for  TE  and/or 
TM  modes.  Figures  2.9  and  2.10  summarize  the  cutoff  wavelength  of  the  different 
order  modes  in  rectangular  and  circular  waveguides. 
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Table  2.2.  Expressions  for  the  Field  Quantities  and  Cutoff  Frequencies  of 
TM  and  TE  [Ben92], 
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3. 


1.  Croit-iectionol  view  . 

3.  , Longitudinal  view  Broad  Dimension  — — f 

3.  Surface  view  Intide  Narrow  Dimension  H 


Figure  2.9.  Higher  order  modes  in  rectangular  waveguides,  a)  transverse 
magnetic  [Dec86]. 
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Figure  2.9  (continued),  b)  Transverse  electric  modes  [Dec86]. 
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Figure  2.10.  Circular  waveguides,  a)  TM  modes  [Dec86]. 
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Figure  2.10  (continued),  b)  TE  modes  [Dec86j. 
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2.1.3  Applicators 

The  applicator  is  a device  through  which  the  electromagnetic  energy  is 
transmitted  to  the  product.  Its  design  must  be  optimized  to  ensure  high  efficiency 
conversion  of  MW  energy  to  the  product.  The  size  and  shape  of  an  applicator  are 
chosen  for  a specific  application  and  are  generally  dependent  on  the  operating 
frequency,  the  nature  and  the  dimensions  of  the  product  and  the  type  of  processing 
(continuous  vs  batch)  [Dec86],  A wide  variety  of  cavity  applicators  are  available  for 
specific  industrial  needs.  Safety  considerations,  environmental  factors  and  uniform 
processing  are  all  important  constraints  in  designing  an  applicator.  Door  seals  and 
other  openings  are  designed  to  minimize  microwave  leakage  during  operation. 
Regular  monitoring  is  one  way  of  insuring  safe  processing  at  all  times.  The 
applicators  are  often  used  in  harsh  environments  in  which  they  have  to  display  the 
same  degree  of  sturdiness  as  traditional  equipment.  The  materials  used  to  fabricate 
applicators  should  be  carefully  chosen  depending  on  the  application  they  are 
intended  for.  Aluminum,  copper  and  stainless  steels  are  widely  used  in  the 
fabrication  of  commercially  available  applicators.  Epoxy  coated  metals  and 
refractory  lined  metallic  walls  are  just  beginning  to  enter  the  market  for  non- 
domestic use  [Vel87].  Uniform  irradiation  of  the  product  is  improved  by  the  use  of 
mode  stirrers  (as  with  multimode  cavities)  and/or  product  movement  inside  the 
microwave  field.  Safety  factors  along  with  other  design  factors  are  often  difficult  to 
realize  and  generally  result  in  costly  applicator  fabrication.  The  design  of  microwave 
applicators  is  a broad  subject  and  is  beyond  the  scope  of  this  dissertation.  However, 
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it  is  an  important  aspect  of  microwave  processing.  Some  examples  of  single  mode 
and  multimode  applicators  will  be  given. 

The  concept  of  multimode  versus  single  mode  applicators  will  be  discussed  in 
some  detail  in  future  paragraphs.  Multimode  applicators  find  world-wide 
applications  covering  almost  every  application  of  microwave  power.  They  are 
mechanically  simple  and  are  able  to  accommodate  a wide  range  of  heating  loads. 
Applications  such  as  drying  potato  chips,  pasteurizing  packaged  foods,  tempering  of 
frozen  meat,  drying  pasta  products,  tobacco,  plaster,  concrete  and  ceramics,  dyeing 
and  finishing  leather  and  textile  products,  finishing  paper  webs  and  rubber  curing 
are  some  examples  of  commercial  processing  operations.  Single  mode  applicators 
or  resonant  cavities  are  not  used  as  extensively  as  multimode  cavities  due  to  the 
limited  size  workpieces  (the  material  to  be  heated)  they  can  accommodate.  The 
establishment  of  a well  defined  electric  field  pattern  inside  the  metallic  enclosure  in 
single  mode  cavities  allows  uniform  heating  of  samples  having  small  dimensions.  The 
use  of  single  mode  cavities  is  essentially  limited  to  frequency  counters, 
interferometers  or  filters  and  a few  laboratory  scale  heating  applications.  Single 
mode  applicators  are  primarily  used  in  research  applications. 

When  a microwave  signal  is  generated  and  introduced  into  a metallic 
enclosure  of  specific  dimensions,  the  signal  will  experience  multiple  reflections  from 
the  walls.  The  superposition  of  the  incident  and  reflected  waves  results  in  the 
establishment  of  a well-defined  geometric  field  pattern  inside  the  metallic  enclosure. 
A mode  is  essentially  a particular  pattern  of  electromagnetic  energy  which  has  been 
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distributed  within  a confining  structure  and  is  caused  by  the  interaction  of  two  or 
more  travelling  waves. 

When  a single  mode  cavity  is  empty,  one  standing  wave  (mode)  is  established 
and  maintained.  The  local  field  amplitudes  inside  the  cavity  are  proportional  to  the 
square  of  the  Q-  factor  (see  equation  2-19)  and  are  therefore  much  greater  than 
those  of  the  field  generated  by  the  magnetron  [Thu92,  Met83],  Under  resonant 
conditions,  heating  is  very  rapid.  Single  mode  applicators  are  most  useful  for  the 
treatment  of  low  loss  dielectrics.  Furthermore,  the  knowledge  of  the  geometric  field 
pattern  inside  a single  mode  cavity  allows  the  operator  to  position  the  workpiece  at 
specific  regions  along  the  length  of  the  cavity  to  obtain  localized  heating.  This  is 
desirable  in  materials  joining  applications,  drawing  glass  fibers  and  creating  plasmas 
for  sintering  purposes  [Sut89,  Sil91,  Joh91]. 

In  a multimode  cavity,  the  cavity's  linear  dimensions  are  generally  large 
compared  to  those  of  the  free  wavelength,  which  allows  a number  of  different 
standing  waves  (modes)  to  be  established.  It  is  desirable  to  excite  as  many  modes 
as  possible  inside  the  metallic  enclosure  in  order  to  obtain  uniform  heating  of  a given 
workload.  However,  the  complex  pattern  of  standing  waves  produces  regions  of  high 
and  low  field  intensity.  The  location  of  field  gradients  affects  the  heating  efficiency 
and  uniformity  of  a given  material.  The  placement  of  a workpiece  inside  a 
multimode  cavity  becomes  critical.  To  obtain  more  uniform  heating,  users  move  the 
workpiece  through  the  fields  via  turntables,  conveyer  belts  and  other  devices. 
However,  the  use  of  mode  stirrers  to  continuously  perturb  the  field  distribution  is  a 
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more  convenient  way  to  obtain  uniform  heating.  As  illustrated  in  Figure  2.11,  mode 
stirrers  are  rotating  blade  reflectors  that  operate  during  the  microwave  irradiation 
process.  Mode  stirrers  perturb  the  field  distribution  inside  the  oven.  Thus  the 
microwave  energy  density  over  a period  of  time  is  equalized  throughout  the  volume 
of  the  sample.  Uniform  electromagnetic  energy  distribution  can  also  be  achieved  by 
introducing  an  additional  reflecting  or  dielectric  object  that  can  be  moved  about 
inside  the  confined  space.  A square  plate  of  dimensions  slightly  less  than  the  width 
and  depth  of  the  oven  can  be  mounted  in  the  upper  part  of  the  oven  with  means  for 
moving  the  plate  up  and  down,  in  effect  varying  the  height  of  the  oven  [Dec86], 
Another  approach  for  achieving  uniform  electric  field  distribution  is  to  design  a 
cavity  in  which  at  least  one  of  the  major  dimensions  is  100  times  bigger  than  the 
operating  wavelength.  This  results  in  a continuous  overlapping  of  the  individual  mode 
resonances  of  the  microwaves  [Sut89].  The  heating  efficiency  of  a multimode  cavity 
is  also  affected  by  the  ratio  of  the  workpiece  volume  to  that  of  the  cavity.  This  ratio 
is  called  the  filling  factor.  One  of  the  characteristics  of  multimode  ovens  is  that  the 
quality  factor,  Q,  of  the  oven  is  critically  dependent  upon  the  volume  filling  factor 
of  the  workload.  Thus,  high  filling  factors  generally  result  in  good  electromagnetic 
to  thermal  energy  conversion  in  the  work  load.  Unlike  conventional  heating  (IR 
along  with  convection  heating),  in  microwave  heating  small  workpieces  tend  to  be 
heated  less  effectively  than  larger  ones  [Var88]. 

Once  a microwave  signal,  is  introduced  into  a metallic  box,  a large  number 
of  modes  can  be  established  inside  the  metallic  enclosure.  For  a rectangular  cavity 
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Figure  2.11.  Examples  of  electric  field  stirring  devices  (mode  stirrers)  used 
in  microwave  ovens  [Dec86]. 
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with  dimensions  a,b  and  d,  each  mode  must  satisfy  the  following  conditions  as 
described  in  the  following  equation: 

(irr/a)2  + (nw/b)2+  (k/d)2  = (wnml/c)2  (2.17) 

The  established  modes  have  characteristic  electrical  and  magnetic  field  patterns,  Enml 
ancl  Hnm„  in  which  the  integer  subscripts  n,m  and  1 correspond  to  the  number  of  half 
wavelengths  of  quasi-sinusoidal  variations  of  the  field  along  the  principles  axes.  The 
Onmi  is  the  angular  frequency  of  the  n,m,l  mode,  and  c is  the  velocity  of  light.  The 
evaluation  of  the  mode  density  in  a given  metallic  box  is  complicated  especially  when 
a dielectric  load  is  inserted  inside  the  cavity.  The  insertion  of  a workpiece  perturbs 
the  electromagnetic  energy  distribution  within  the  oven  applicator  and  the  mode 
density  becomes  material  dependent. 

For  a large  rectangular  cavity  of  volume,  V,  with  a microwave  signal  of  center 
wavelength,  A m,  and  a frequency  bandwidth,  A A,  the  number  of  operating  modes,  N, 
is  found  to  be  [Dec86]: 

N = &r(V/A4m)(AA)  (2.18) 

A typical  home  microwave  oven  operating  at  2450  ± 50  MHz  and  having  a cavity 
volume  in  the  range  of  0.1  m3  would  host  approximately  670  modes.  For  the  same 
frequency  (2450  ± 50  MHz),  the  Raytheon  Radarline  Multimode  Microwave  Oven 
Model  QMP  2101A-6,  whose  cavity  dimension  is  32x32x24  in3  (0.402  m3),  hosts  2700 


modes. 


2.1.3a  The  quality  factor  of  a cavity,  O 
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The  quality  factor,  Q,  of  a resonant  circuit  at  the  frequency  of  resonance  is 
defined  as  [Ger91] 

Q = 2n  (energy  stored/energy  dissipated  per  cycle)  (2.19) 

Similarly,  cavity  Q is  a measure  of  the  sharpness  of  the  response  of  a cavity  to  a 
signal  source.  The  value  of  Q is  unique  for  a given  resonance  mode  [Dec86],  Power 
loss  in  the  cavity  is  caused  by  resistive  losses  in  the  walls  and  dielectric  losses  (in  the 
case  of  a loaded  cavity).  Resistive  losses  are  dependent  on  skin  depth,  S.  When  the 
cavity  is  loaded  with  a dielectric  the  Q is 

Q-  n (energy  stored/energy  absorbed  in  cavity  wall  and  dielectrics)  (2.20) 
The  energy  stored  depends  on  the  shape  of  the  cavity.  The  Q of  a rectangular  cavity 
is  optimized  when  the  three  dimensions  are  equal  (cubic  cavity). 

Microwave  heating  applications  involve  applicators  which  consist  of  metallic 
enclosures  confining  the  electromagnetic  waves  to  specific  regions  in  space. 
Reflections  of  electromagnetic  waves  at  the  metallic  surfaces  are  accompanied  with 
some  power  dissipation  manifested  as  conductor  losses  (resistive  losses).  The  electric 
and  magnetic  fields  of  the  wave  induce  the  flow  of  eddy  currents  at  the  metallic 
surfaces.  The  depth  at  which  the  electric  field  has  a significant  effect  is  referred  to 
as  the  skin  depth,  <5S,  and  is  defined  as  the  distance  from  the  surface  at  which  the 

electric  field  is  attenuated  to  1/e  of  its  surface  value.  The  skin  depth  is  given  by 
[Met83] 


<5S  = [2/(ao)/ia)]1/2 


(2.21) 
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where  Ma  is  the  permeability  of  the  material.  As  illustrated  in  equation  (2.21),  the 
skin  depth  is  a strong  function  of  the  operating  frequency  and  the  conductivity  of  the 
internal  metallic  walls  and  to  a lesser  extent,  the  permeability  of  the  material.  The 
product  \/{6p)  is  referred  to  as  the  skin  resistance,  and  is  used  in  the  selection  of 
the  metal  from  which  the  applicator  would  be  fabricated.  High  skin  resistances  lead 
to  large  losses.  Typical  metals  used  as  internal  walls  include  aluminum,  brass, 
copper,  silver  and  304  stainless  steel  [Met83,  Lav76],  Aluminum  is  the  material  of 
choice  in  fabricating  applicators  used  in  high  Q-factor  applications  because  of  its  high 
conductivity  and  low  cost.  Stainless  steels  have  low  conductivities  and  therefore  high 
skin  resistance  which  lead  to  relatively  high  losses  during  operation.  Many  domestic 
multimode  ovens  have  stainless  steel  internal  walls  to  avoid  magnetron  damage  if  the 
ovens  are  switched  on  without  a workload.  This  prevents  excessive  reflection  back 

to  the  magnetron.  The  power  dissipated  at  the  surface  of  a conductor  per  unit  area 
is  given  by  [Met83] 

Ps  = \/(2Sp)  | Ht  | 2 (2.22) 

where  Ht  is  the  tangential  component  of  the  magnetic  field  at  the  surface.  The 
power  dissipated  at  the  surface  depends  on  the  skin  depth  which  in  turn  depends  on 
the  frequency  of  the  incident  signal  and  the  electrical  conductivity  of  the  metallic 
wall.  At  2.45  GHz,  the  skin  depth  for  aluminum  (whose  electrical  conductivity  is  34.3 
x 106  mho/m)  is  about  2.2  10-6  m.  Stainless  steel  type  304  has  an  electrical 
conductivity  of  1.39  x 106  (mho/m)  and  a <Ss«  6 x 10"6  m (at  2.45  GHz). 
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2.1.4  History  of  Microwave  Processing 

Jacques  Arsene  d'Arsonval  conducted  an  experiment  on  the  effect  of  high- 
frequency  (500-1500  KHz),  low  voltage  alternating  current  on  animals  and  observed 
a production  of  heat.  These  experiments  led  to  the  establishment  of  the  first  high 
frequency  therapy  unit  under  the  direction  of  d'Arsnoval  in  1895  at  the  Hotel  Dieu 
hospital  in  Paris  [Dec85].  In  1920,  the  term  d'Arsonvalization  began  to  be  referred 
to  as  diathermy.  This  was  perhaps  the  first  scientific  approach  to  high-frequency 
heating.  The  heat  production  by  living  bodies  exposed  to  high  frequencies  generated 
considerable  interest  in  the  medical  field;  however,  these  discoveries  were  masked 
by  the  fascinating  practical  applications  of  electromagnetic  waves  in  the  field  of 
communications.  In  early  1880's  Hertz  successfully  demonstrated  the  validity  of 
Maxwell's  equations  [Dec85].  In  further  experiments.  Hertz  was  able  to  generate 
frequencies  in  the  range  of  450  MHz  and  employed  parabolic  reflectors  to 
concentrate  the  electromagnetic  energy  for  transmission  purposes.  In  1895, 
Guglielmo  Marconi  was  able  to  transmit  an  electromagnetic  signal  with  an  operating 
wavelength  of  25  cm  over  a distance  of  1 mile.  In  1901,  using  adequate  reflectors 
and  sophisticated  equipment,  Marconi  successfully  transmitted  the  first  transatlantic 
wireless  message,  a distance  of  about  3000  miles  [Riz88].  The  three  decades 
following  Marconi's  achievement  were  totally  devoted  to  wireless  transmission. 
Remarkable  progress  was  achieved  in  generating,  transmitting  and  receiving  high- 
frequency  signals.  In  1897,  Lord  Rayleigh  demonstrated  that  electromagnetic  waves 
could  propagate  through  hollow  metallic  pipes  [Ben91,  Riz88],  Unfortunately,  due 
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to  the  lack  of  reliable  microwave  generators,  no  progress  was  made  in  waveguide 
transmission  at  that  time.  Several  decades  later,  when  reliable  microwave  sources 
became  a reality,  theoretical  and  experimental  waveguide  development  proceeded 
quickly.  During  the  events  surrounding  the  World  Wars,  especially  World  War  II, 
many  of  the  greatest  scientists  collaborated  to  further  the  development  of  microwave 
radar  (Radio  Detection  And  Ranging)  systems  and  navigation  equipment  for  military 
use.  The  ability  to  sharply  focus  the  radiated  wave  is  the  reason  microwaves  are  so 
useful  in  radar  applications.  For  example,  a radar  operator  at  an  airport  must  be 
able  to  discern  two  separate  airplanes  in  a specified  traffic  area.  A study  conducted 
in  parallel  to  microwave  engineering  was  in  insulation  research.  Much  work  was 
carried  out  on  the  dielectric  properties  of  materials  by  Von  Hippel  [Von54]  and 
colleagues  at  the  Massachusetts  Institute  of  Technology  (MIT).  After  World  War  II, 
scientists  had  a great  deal  of  information  about  the  dielectric  properties  of  materials 
and  microwave  engineering.  One  use  of  microwaves  during  the  immediate  post- 
World  War  II  years  was  microwave  heating. 

Very  little  work  on  microwave  heating  was  reported  prior  to  World  War  II. 
There  were  a few  biological  and  medical  applications  and  one  researcher,  Kassner, 
attempted  to  achieve  changes  in  the  molecular  state  of  materials  using  microwave 
energy.  A comprehensive  study  on  microwave  heating  history  was  made  by  Osepchuk 
[Ose84]  in  which  he  discussed  the  interest  of  several  companies  in  heating  materials 
using  microwave  energy  for  industrial  applications.  These  companies  included 
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Raytheon,  General  Electric  (GE),  Radio  Corporation  of  America  (RCA)  and 
Westinghouse. 

It  is  difficult  to  pinpoint  the  first  inventor  of  the  microwave  oven.  However, 
as  nearly  as  can  be  ascertained,  the  microwave  oven  was  first  conceptualized  by 
Raytheon  Manufacturing  Laboratories  in  Waltham,  Massachusetts  around  1945 
[Dec86].  The  first  two  patents  related  to  microwave  processing  were  filed  by  Spencer 
in  1945  and  were  entitled,  "Methods  for  Treating  Foodstuffs,"  and  "Means  for 
Treating  Foodstuffs."  The  patents  contained  information  about  the  generation  of 
microwaves,  the  concentration  and  guidance  of  microwaves  to  a specific  region  of 
space  and  radiation  of  foodstuffs  by  the  waves.  However,  neither  of  the  patents 
describes  a microwave  oven.  In  1949,  Stiefel  patented  an  apparatus  which  was  the 
basis  of  a small  unit  for  heating  foods  with  microwaves.  Stiefel  discussed  a metallic 
cover  that  reflected  the  microwaves  surrounding  the  foodstuffs  to  be  heated.  One 
year  later,  a patent  entitled  "Cooking  Apparatus"  was  filed  by  Gross  and  described 
the  basic  components  of  the  microwave  oven  as  it  is  known  today.  This  was  the 
onset  of  modern  microwave  oven  design.  Since  then,  several  patents  have  appeared 
in  the  literature  outlining  improvements  on  the  basic  design.  Several  years  later, 
microwave  design  became  a technology  on  its  own  with  the  goal  of  meeting  the  needs 
of  specific  industrial  applications. 

The  food  industry  was  the  first  industry  to  benefit  from  the  use  of  microwave 
energy.  However,  the  utilization  of  microwaves  in  the  food  processing  technology 
was  not  automatic  nor  was  it  rapid.  Like  any  other  technology,  there  is  a driving 
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force  to  develop  new  and  more  efficient  processing  techniques,  and  an  inherent 
resistance  to  change  well  known  and  well-established  processing  methods.  Foods, 
unlike  most  chemicals  and  engineering  materials,  are  very  complex  systems  that  only 
recently  started  to  be  characterized  by  their  engineering  properties.  Knowledge 
about  the  dielectric  properties  of  foodstuffs  and  the  flexibility  of  microwave  oven 
design  facilitated  the  use  of  microwave  heating  in  the  food-processing  industry.  The 
three  major  benefits  of  microwave  heating  in  the  food-processing  industry  as 
described  by  Decarneau  [Dec85]  are:  ljimproved  quality,  2)  fewer  heating  problems 
and  3)  increased  production  and  reduced  product  cost.  The  main  application  of 
microwave  heating  still  remains  in  the  food  industry.  However,  microwave  processing 
is  expanding  to  include  many  other  materials  as  will  be  discussed  in  future 
paragraphs.  Microwave  heating  is  still  not  utilized  to  its  full  potential  for  several 
reasons:  1)  limited  choice  of  operating  frequencies,  2)  a lack  of  understanding  of 
microwave/material  interactions,  3)  reluctance  on  the  part  of  industry  to  change  and 
4)  a lack  of  communication  between  microwave  engineers  and  industry. 

2.1.5  Allocated  Frequencies 

The  frequencies  assigned  by  the  Federal  Communications  Commission  (FCC) 
for  industrial,  scientific,  and  medical  (ISM)  uses  are  presented  in  Table  2.3.  These 
frequencies  are  used  for  heating  applications.  As  illustrated  in  Table  2.3,  there  is  a 
limited  choice  of  operating  frequencies.  The  federal  government  restricts  the  use  of 
an  apparatus  which  interferes  with  radio  communications  of  any  national  or 
international  character  except  under  a license  granted  by  the  FCC.  There  are  a 
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Table  2.3.  Heating  Frequencies  for  Industrial,  Scientific  and  Medical  Uses. 


Frequency  (MHz) 


13.56  ± 6.68  kHz 


27.12  ± 160.00  kHz 


40.68  ± 20.00  kHz 


915  ± 25 


2450  ± 50 


5800  ± 75 


24225  ± 125 
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number  of  other  frequencies  that  have  been  allocated  in  other  countries.  In  the 
United  Kingdom,  680  MHz  is  permitted,  432.92MHz  is  used  in  Switzerland,  3390  and 
6780  MHz  are  allowed  in  the  Netherlands,  and  2375  MHz  is  used  in  the  former 
Eastern  bloc  countries  [Thu92,  Dec86], 

Since  microwave  heating  and  microwave  applicator  design  are  solely 
dependent  on  the  operating  frequency,  the  inability  to  investigate  a broad  range  of 
frequencies  hinders  the  development  of  microwave  processing.  For  example,  if  a 
broad  range  of  frequencies  were  allowed,  microwave  systems  that  take  advantage  of 
more  than  one  frequency  or  a continuous  band  of  frequencies  for  processing 
materials  could  be  used  to  determine  the  optimum  frequency  for  processing  a specific 
material. 

A new  generation  of  variable  frequency  microwave  furnace  (VFMF)  has  been 
developed  recently  [Joh93,  Lau93],  These  furnaces  operate  within  the  safety 
standards  established  by  the  FCC.  New  safety  devices  were  installed  to  confine  the 
different  frequency  modes  inside  the  microwave  cavity.  These  microwave  furnaces 
make  use  of  the  TWT  as  a power  source.  The  TWT  amplifiers,  as  discussed 
previously,  are  capable  of  sweeping  a relatively  broad  range  of  frequencies.  The 
continuous  sweeping  through  several  modes  results  in  heating  uniformity  throughout 
the  work  load.  These  frequency  agile  microwaves  have  been  used  in  various 
materials  processing  operations  such  as  sintering,  annealing,  polymer  curing,  and 
plasma-assisted  chemical  vapor  deposition.  Although  the  VFMF  is  not  used  for 
continuous  processing  at  the  present  time,  it  offers  an  exciting  and  promising  future. 
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An  opportunity  to  petition  for  other  radio  frequencies  came  in  1979  when  the 
General  World  Radio  Conference  of  the  International  Telecommunications  Union 
convened  in  Geneva,  Switzerland  [Dec85].  The  International  Microwave  Power 
Institute  (IMPI)  petitioned  unsuccessfully  on  behalf  of  the  microwave  oven  industry 
for  two  more  frequencies,  4900  MHz  and  9800  MHz.  As  previously  mentioned, 
microwave  applicator  design  is  strongly  frequency  dependent.  When  the  FCC  was 
establishing  the  Industrial  Scientific  and  Medical  (ISM)  frequency  allocation 
procedure,  several  companies  involved  in  microwave  heating  petitioned  for 
frequencies  of  interest  to  them.  Raytheon  and  General  Electric  petitioned  for  2450 
MHz  and  915  MHz,  respectively.  The  corresponding  operating  wavelengths  are  12.24 
cm  and  32.78  cm.  Microwave  energy  can  be  coupled  more  efficiently  to  small  loads 
in  the  2450  MHz  ovens.  General  Electric  preferred  the  915  MHz  frequency  for  its 
deeper  penetration  in  many  materials,  such  as  rubber  and  foodstuffs,  and  had  fewer 
problems  with  thermal  runaway.  The  convenient  size  of  the  2450  MHz  oven  makes 
it  a practical  choice  for  domestic  use,  while  both  the  2450  MHz  and  915  MHz  oven 
are  widely  used  in  the  industry.  Industrial  applications  such  as  tempering  and  pasta 
drying  are  performed  at  915  MHz.  The  use  of  915  MHz  was  probably  due  to  its 
availability  at  the  time  when  microwave  process  development  began.  Although  2450 
MHz  magnetrons  were  available,  their  power  output  was  limited  to  a few  kilowatts. 
2.1.6  Protection  and  Safety 

The  physiological  effects  resulting  from  exposure  to  microwave  radiation  make 
safety  standards  and  regulations  aimed  at  protecting  the  general  public  a necessity. 
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The  complexity  of  the  safety  issue  may  be  viewed  in  two  parts.  First,  one  must 
evaluate  human  tolerance  to  electromagnetic  field  levels.  Unfortunately,  there  is  no 
clear  relationship  between  exposure  levels  and  physiological  effects.  Secondly, 
regulations  on  radiation  emitted  by  the  source  are  necessary.  This  is  also  related  to 
the  tolerance  threshold  of  the  human  body.  There  are  differences  of  opinion  over 
the  existence  of  non-thermal  effects  which  have  caused  the  adoption  of  different 
standards.  There  are,  however,  many  fundamental  points  that  are  accepted 
worldwide.  Some  of  these  include,  unexplained  synergetic  effects,  microthermal 
effects  at  the  membrane  level,  and  nonlinearity  of  the  biological  response  to  pulsed 
waves,  expressed  as  a function  of  frequency  and  power  [Thu92].  The  office  of  Naval 
Research  suggested  an  exposure  limit  of  100mW/cm2  in  1953.  This  limit  was 
reduced  to  10  mW/cm2  after  an  investigation  conducted  by  Schwan  at  the  University 
of  Pennsylvania  [Sch65].  Two  years  later,  Schwan  proposed,  without  success,  a safety 
standard  that  is  frequency  dependent.  The  controversy  surrounding  microwave  safety 
standards  was  initiated,  and  views  reflecting  the  divergence  of  opinion  have  appeared 
in  the  literature.  The  hazards  from  exposure  to  the  non-ionizing  portion  of  the 
electromagnetic  portion  were  greatly  exaggerated  by  the  media  [Ose84],  In  1968,  as 
a consequence  of  the  increase  in  number  of  microwave  ovens  for  domestic  use,  the 
U.S.  Congress  adopted  a new  civil  regulation,  known  as  the  "Radiation  Control  for 
Health  and  Safety  Act,"  Public  Law  90-602.  The  leakage  or  emission  standard  was 
limited  to  10  mW/cnv  at  a distance  of  5 cm  from  the  oven.  Other  scientists 
proposed  a higher  permissible  leakage  at  5 cm  because  of  the  inverse  square  law 
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which  predicts  lower  exposure  values  at  greater  distances  from  the  microwave  oven. 
The  inverse  square  law  states  that  power  is  inversely  proportional  to  the  square  of 
distance.  Consequently,  a value  of  10  mW/cm2  at  5 cm  represents  only  1.1  n W/cm2 
at  lm  (i.e.  a decrease  of  4 orders  of  magnitude).  The  Association  of  Home 
Appliance  Manufacturers  (AHAM)  voiced  their  disapproval  of  the  low  leakage 
regulations  in  the  Microwave  Energy  Application  Newsletter.  In  1969,  the 
Department  of  Health,  Education  and  Welfare  (HEW)  revised  the  emission 
standards  and  the  threshold  was  reduced  to  5 mW/cm2.  In  1974,  the  HEW  and  the 
Food  and  Drug  Administration  (FDA)  complied  with  the  5 mW/cm2  emission 
standards  for  domestic  microwave  ovens.  Industrial  microwave  equipment  and 
medical  diathermic  equipment  were  permitted  to  operate  under  the  old  standard  (10 
mW/cm2)  for  specific  test  loads  [Thu92],  In  both  the  United  States  and  abroad,  it 
is  generally  accepted  that  revisions  to  larger  or  lower  standards  may  be  necessary  in 
the  light  of  new  discoveries.  The  International  Radiation  Protection  Association 
(IRPA)  has  issued  recommendations  for  internationally  recognized  standards. 

2.1.6a  Health  hazards  to  humans 

Electromagnetic  pollution  is  the  permeation  of  the  environment  with 
undesirable  static  and  alternating  electric  and  magnetic  fields.  Electromagnetic 
pollution  is  different  from  the  other  types  of  pollutants  in  two  ways.  First,  it  is 
almost  always  invisible,  and  second,  there  are  sometimes  (depending  on  the 
frequency  and  the  intensity  of  the  signal)  therapeutic  effects. 
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When  microwaves  arrive  at  the  surface  of  a biological  target,  they  enter  a 
medium  of  different  dielectric  properties,  thus  affecting  the  conditions  of 
propagation.  The  biological  object  consists  usually  of  several  layers  with  complex 
geometry  and  different  dielectric  properties.  At  the  boundary  between  each  layer, 

the  propagation  conditions  change;  reflection  and  scattering  occur  and  the  resulting 
picture  is  extremely  complex. 

The  biological  effects  of  microwaves  are  numerous  and  a detailed  discussion 
of  the  subject  is  beyond  the  scope  of  this  dissertation.  Furthermore,  there  is  an 
inherent  subjectivity  of  the  reports  concerning  the  human  health  hazards  presented 

by  microwaves.  A brief  description  of  microwave  effects  on  different  biofunctions 
is  hereby  summarized  [Hut76]. 

The  cardiovascular  effects  of  microwave  exposure  at  high  power  densities  are 
the  result  of  thermoregulatory  compensatory  reactions.  These  are  put  into  action  by 
mechanisms  dependent  on  the  nervous  system,  which  in  turn  may  also  be  affected  by 
microwave  disturbances.  Although  the  mechanisms  of  microwave  interaction  with 
the  nervous  system  are  unclear,  empirical  studies  carried  out  on  laboratory  animals 
(rats,  rabbits,  cats,  and  dogs)  revealed  that  brain  exposure  to  high  intensity 
microwaves  might  results  in  disynchronization  of  the  bioelectric  activities. 

The  effects  of  scrotum  exposure  to  2.45  GHz  microwave  or  infrared  radiation 
were  of  considerable  interest.  Irradiation  led  to  testicular  enlargement  and  fibrosis. 
Microwave  irradiation  induced  such  changes  at  lower  temperatures  than  infrared 
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radiation.  This  was  interpreted  by  many  as  evidence  of  additional  "extra-thermal" 
effects. 

Various  macroscopic  and  microscopic  lesions  were  observed  on  animals 
exposed  to  different  microwave  power  densities.  The  lesions  and  vascular  injuries 
were  mainly  observed  in  the  liver,  the  kidneys,  or  in  the  spleen.  One  of  the  best 
known  effects  of  microwave  exposure  at  high-density  levels  is  the  formation  of  lens 
opacities  and  cataracts.  Temperature  increase  are  noted  as  a result  of  eye  exposure 
to  microwaves.  Metabolic  effects  were  found  and  implicated  as  nonthermal 
mechanisms  responsible  for  lenticular  microwave-induced  lesions. 

Research  into  the  physiological  effects  of  electromagnetic  radiation  in  the 
microwave  range  continue.  To  achieve  a more  uniform  approach  to  the  mechanisms 
underlying  the  biological  effects,  scientists  have  proposed  that  microwave  intensities 
be  divided  into  three  approximate  ranges: 

a.  The  range  above  10  mW/cm2  in  which  distinct  thermal  effects  are  observed. 

b.  The  range  below  lmW/cm2  in  which  thermal  effects  are  improbable. 

c.  An  intermediate  range  in  which  weak  but  observable  thermal  effects  occur. 

2,2  Theoretical  Aspects  of  Microwave  Heating  and 
Microwave /Materials  Interactions 

Radio  frequency  heating  can  be  classified  in  three  major  categories:  a) 

induction  heating,  b)  capacitive  heating  and  c)  microwave  heating.  Figure  2.12 
illustrates  schematics  of  the  three  heating  methods.  Induction  heating  involves  the 
use  of  a coil,  wound  around  a workpiece  (or  in  close  proximity)  inducing  eddy 
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Figure  2.12.  Radio  frequency  a)  induction  heating,  b)  capacitive  heating,  and 
c)  microwave  heating.  Adapted  from  [Dec84], 
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currents  to  produce  heat  in  the  workpiece.  The  currents  generated  supply  heat 
within  the  material  due  to  resistance  heating  losses  (I2R).  This  heating  method  is 
limited  to  conductive  materials.  Capacitive  heating  or  dielectric  heating  involves 
dipole  polarization  to  heat  poor  electrical  conductors.  This  heating  method  is  limited 
to  dielectric  materials  and  is  performed  at  frequencies  in  the  range  of  1 to  300  MHz. 
In  practice,  heating  is  carried  out  by  inserting  the  dielectric  material  between 
electrodes  (parallel  plates)  connected  to  an  alternating  voltage  as  in  a capacitor  or 
a condenser  configuration.  Frequencies  above  300  MHz  can  not  be  used  in 
capacitive  heating  due  to  the  generation  of  eddy  currents  and  heating  at  the 
electrodes.  Microwave  heating  is  also  a type  of  dielectric  heating  but  with  two  main 
differences:  a)  the  microwave  heating  process  takes  place  in  a metallic  enclosure  and 
the  workpiece  is  not  in  contact  with  the  electrodes  and  b)  the  frequencies  used  to 
carry  out  the  heating  process  are  between  300  MHz  and  300  GHz.  The  ability  of  the 
externally  imposed  electric  field  to  polarize  the  charges  in  the  material  and  the 
ability  of  the  charges  to  follow  the  rapid  reversal  of  the  electric  field  is  the  origin  of 
heat  generation. 

2.2,1  Dielectric  Materials 

The  dielectric  behavior  of  a material  depends  on  its  short-range  electrical 
conductivity.  The  short-range  motion  of  a material's  charge  carriers  leads  to 
electrical  energy  storage.  The  capacitance,  C (in  F or  C/V)  of  a dielectric  material 
is  defined  as  the  ratio  of  the  stored  charges,  Q (in  Coulombs-(C)),  to  the  applied 


voltage  V (in  Volts): 
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C = Q/v  (2.23) 

The  ratio  of  the  capacitance  of  a condenser  filled  with  a dielectric  material,  C,  to 

that  of  a vacuum  capacitor,  C0,  of  the  same  geometry  (spherical,  cylindrical,  parallel 
plate)  is  defined  as  the  dielectric  constant  of  that  material: 

k = c/co  (2.24) 

For  a parallel  plate  capacitor  with  an  area  A (in  m2)  and  seperated  by  distance,  d, 
(in  meters),  C and  C0  are  found  to  be 

Co  = eoA/d  (2.25) 

C = eA/d  (2.26) 

where  €0  is  the  permittivity  of  free  space  (8.854  x 10’12  C2/m2  or  F/m)  and  e is  the 

permittivity  of  the  dielectric  material  (in  C2/m2  or  F/m).  The  relative  dielectric 
constant  of  the  material  is  therefore  the  ratio  of  the  material's  permittivity,  e,  to  the 
permittivity  of  free  space  e 0: 

k'  = e/eo  (2.27) 

The  relative  dielectric  constant  (also  referred  to  as  the  relative  permittivity),  which 

is  independent  of  the  applied  electric  field  at  low  field  strengths.  For  very  strong 

fields,  the  permittivity  may  depend  on  the  field  strength  and  saturation  effects  are 
detectable. 

The  dielectric  constants  of  materials  are  frequency  dependent  and  can  be  as 
low  as  3.78  [Hen90],  for  materials  such  as  Si02,  and  very  high,  about  1100  [Hen90], 
as  with  materials  such  as  BaTi03  (measured  in  the  GHz  range).  Since  the  relative 
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dielectric  constant  of  a dielectric  material  is  greater  than  unity,  the  ability  of  a 
condenser  to  store  charges  is  increased.  The  reason  for  this  increase  in  capacitance 
is  a result  of  polarization  effects  occurring  at  the  molecular  level  inside  the  material. 
The  charged  species  inside  the  material  are  displaced  from  their  equilibrium  position 
and  create  dipoles  under  the  influence  of  an  externally  applied  electric  field.  The 
created  dipoles  tend  to  orient  with  the  electric  field  and  tie  up  charges  on  the  plates 
of  the  condenser.  Consequently,  part  of  the  applied  electric  field  is  neutralized. 
Indeed,  if  the  voltage  across  a dielectric  field  condenser  is  expressed  as  a function 
of  the  vacuum  capacitance,  the  following  expression  results: 

V = (Q/k)/C0  (2.28) 

The  voltage  required  to  maintain  the  same  surface  charge  is  only  a fraction  of  the 
voltage  across  the  vacuum  capacitance.  The  bound  charge  is  neutralized  by  the 
polarization  of  the  dielectric.  The  charge  which  is  not  neutralized  by  the  dipoles  is 
called  the  free  charge  and  is  equal  to  Q/k.  The  free  charge  sets  up  an  electric  field 
and  voltage  toward  the  outside. 

There  are  four  major  polarization  mechanisms  in  dielectric  materials  that 
contribute  to  charge  storage,  all  of  which  involve  short-range  charge  motion. 

Depending  on  the  operating  frequency,  one  or  a combination  of  several  polarization 
mechanisms  might  be  at  work. 

2.2.2  Frequency  Dependence  of  Polarization 

Since  the  polarization  of  matter  is  of  interest,  it  is  desirable  to  classify  the 
various  types  of  polarization  with  reference  to  the  time  required  for  the  polarization 
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process.  The  polarization  process  always  involves  rapidly  forming  dipoles  and  in 
some  instances  may  also  involve  slowly  forming  dipoles. 

Electronic  polarization  is  a result  of  the  displacement  of  the  electrons  in  the 
atoms  relative  to  the  positively  charged  nuclei.  This  process  requires  about  10‘15 
seconds  and  correspond  approximately  to  the  frequency  of  ultraviolet  light. 
Moreover,  this  process  gives  rise  to  a resonance  peak  in  the  optical  range  [Hen90] 
(see  Figure  2.13).  The  refractive  index  of  a material  is  strongly  dependent  on  the 
electronic  polarization. 

A relatively  small  atomic  polarization  arises  from  the  displacement  of  atoms 
relative  to  one  another  inside  the  molecule,  a process  requiring  about  10'12  to  10‘14 
seconds  and  corresponding  to  the  frequency  of  infrared  light.  In  ionic  crystals,  a 
similar  but  usually  larger  polarization  arises  from  the  displacement  of  oppositely 
charged  ions,  a process  requiring  about  10'12  seconds,  and  corresponding  to  the 
frequency  of  the  far  infrared  region,  as  shown  in  Figure  2.14.  A resonance 
absorption  occurs  at  a frequency  characteristic  of  the  bond  strength  between  the  ions. 
Resonance  absorption  is  characterized  by  large  restoring  forces  and  small  damping 
effects.  A resonance  absorption  occurs  at  a narrow  range  of  frequencies 
characteristic  of  the  bond  strength  between  the  ions  as  illustrated  in  Figure  2.13. 
Some  investigators  have  speculated  that  the  tail  of  this  absorption  band  may  extend 
down  to  the  microwave  range  and  cause  losses,  but  much  more  work  needs  to  be 
done  to  substantiate  this  claim. 
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Figure  2.13.  Schematic  of  polarization  mechanisms  in  glass  and  ceramics,  a) 
Electronic,  (b)  Atomic  or  ionic,  (c)  High  frequency  oscillatory  dipoles,  (d) 
Low  frequency  cation  dipole,  (e)  Interfacial  space  charge  polarization  at 
electrodes,  (f)  Interfacial  polarization  at  heterogeneities  [Hen90]. 
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Interfacial  polarization 


Figure  2.14.  Frequency  dependence  of  the  polarization  mechanisms  in 
dielectrics,  (a)  Contribution  to  the  charging  constant  (representative  values 
of  k').  (b)  Contribution  to  the  loss  angle  (representative  of  tan  6)  [Hen90]. 
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Orientation  polarization,  also  referred  to  as  dipolar  polarization,  involves  the 
perturbation  of  the  thermal  motion  of  ionic  or  molecular  dipoles,  producing  a net 
dipolar  orientation  under  the  direction  of  an  applied  electric  field.  This  is  perhaps 
the  most  important  mechanism  of  polarization  in  the  microwave  frequency  range. 
The  time  required  for  the  dipolar  polarization  process  depends  upon  the  frictional 
resistance  of  the  medium  to  the  change  of  molecular  orientation.  The  resistance  to 
dipolar  motion  is  equivalent  to  large  damping  effects,  resulting  in  relaxation  type 
absorption.  For  gases,  the  time  required  for  the  process  is  in  the  range  of  10'12 
seconds,  corresponding  to  the  far  infrared  region.  For  small  molecules  in  liquids  of 
low  viscosity,  the  time  required  is  about  10'11  seconds.  For  large  molecules  or  viscous 
liquids,  the  time  required  is  in  the  order  of  10"6  seconds,  corresponding  to  radio 
frequencies.  The  high  internal  frictional  resistance  of  very  viscous  liquids,  glasses, 
and  solids  may  lengthen  the  time  required  for  the  polarization  process  to  seconds, 
minutes,  or  longer. 

The  orientation  polarization  mechanisms  can  be  categorized  in  two  types. 
First,  molecules  (liquids,  gases  and  polar  solids)  containing  a permanent  dipole  may 
be  rotated  against  an  elastic  restoring  force  about  an  equilibrium  position.  The  time 
required  for  the  oscillation  of  these  permanent  dipoles  is  in  the  order  of  10'10-10'12 
seconds  at  room  temperature.  The  orientation  polarization  involving  permanent 
dipoles  is  sometimes  referred  to  as  deformation  polarization. 

The  second  mechanism  of  dipolar  polarization  involves  the  rotation  of  dipoles 
between  equivalent  equilibrium  positions.  This  mechanism  is  of  special  interest  in 
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glass  and  ceramic  materials.  The  interstitial  cations  give  rise  to  losses,  which  are 
greater  the  more  loosely  bound  the  cations.  The  required  time  for  this  process  is 
greatly  dependent  on  the  structure  of  the  inorganic  glass,  and  the  binding  energy 
distribution  of  the  alkali  ions.  Due  to  the  appreciable  atomic  distances  involved  in 
the  ionic  transitions,  this  polarization  occurs  at  a frequency  range  of  1 03- 1 06  Hz,  at 
room  temperature.  Because  this  mechanism  involves  the  same  mobile  cations  that 
contribute  to  the  dc  conductivity,  it  is  also  referred  to  as  migration  loss. 

In  heterogenous  materials,  an  additional  type  of  polarization,  interfacial 
polarization,  arises  from  the  accumulation  of  charge  at  the  interfaces  between  phases. 
It  arises  only  when  two  phases  differ  from  each  other  in  dielectric  constant  and 
conductivity.  For  a two-layer  dielectric,  when  the  product  of  the  dielectric  constant 
€i  of  one  phase  and  the  conductivity  ct2  of  the  second  phase  is  unequal  to  the 
product  of  the  dielectric  constant  e 2 of  the  second  phase  and  the  conductivity  a y of 
the  first  phase,  that  is,  ex  a2  * e2av  space  charge  polarization  is  exhibited  [Smy55]. 
Impurities  or  second  phases  usually  represent  physical  barriers  to  conduction  and 
lead  to  charge  build  up  at  the  interfaces  of  the  heterogenous  materials.  The  charge 
pile-up  at  the  different  barriers  leads  to  localized  polarization  of  the  material.  If  the 
ac  field  is  of  low  enough  frequency,  a net  oscillation  of  charge  is  observed.  The 
interfacial  polarization  is  observed  over  a broad  range  of  frequencies  (10'3-103  GHz). 

The  losses  associated  with  the  different  polarization  mechanisms  occur  at 
different  frequency  ranges.  The  atomic  and  electronic  polarizations  usually  result 
in  resonance  absorption  peaks.  Orientation  and  space  charge  polarization  on  the 
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other  hand,  results  in  relaxation  absorption  [Mea61],  In  practice,  depending  on  the 
material,  the  orientation  and  space  charge  losses  can  be  quite  broad  and  extend  over 
an  overlapping  range  of  frequencies.  It  is  often  impossible  to  distinguish  between 
them.  Of  all  the  possible  losses,  orientation  polarization  is  probably  the  dominant 
loss  mechanism  in  the  microwave  frequency  range.  However,  along  with  orientation 
polarization  losses,  Maxwell-Wagner  polarization  together  with  d.c.  conductivity 
losses  are  important  contributions  to  high  frequency  heating  [Met83], 

2,2.3  The  Complex  Nature  of  the  Dielectric  Constant 

There  are  two  ways  in  which  the  complex  nature  of  the  dielectric  constant  is 
demonstrated:  a)  Ampere's  circuital  law  and  b)  charging  current  in  a linear  dielectric 
within  a circuit  configuration.  The  following  discussion  is  limited  to  the  charging 
current  within  a dielectric. 

The  stored  charge  in  the  dielectric  can  be  expressed  as  a function  of  the 
applied  voltage  and  the  capacitance  (a  constant): 

Q=  v/c  (2.29) 

The  charging  current  can  be  expressed  as 

Ic  = dQ/dt  (2.30) 

Combining  the  two  equations  gives: 

Ic  = C (dV/dt)  (2.31) 

For  a sinusoidal  voltage  in  the  form  of  V = V0exp(ic»)t),  the  expression  for  the 
charging  current  is  as  follows: 


Ic  = io)  CV0exp[i(co  t)] 


(2.32) 
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In  an  ideal  dielectric  there  would  be  no  free-ion  conduction  and  no  loss  currents. 
The  total  current  would  therefore  be  equal  to  the  charging  current,  Ic,  and  would 
lead  the  voltage  by  90° . In  real  dielectrics  (actual  insulating  materials),  there  are 
loss  currents  arising  from  two  sources:  a)  ohmic  conduction  and  b)  polarization.  The 
ohmic  conduction  losses  involves  the  long  range  motion  of  charge  carriers. 
Polarization  (previously  discussed)  results  in  losses  due  to  the  dipoles  resistance  to 
oscillation  and/or  rotation  under  an  alternating  field.  The  ohmic  and  polarization 
loss  currents  can  be  expressed  as 

lo  = Gdc  V (2.33) 

lP  = Gac  v (2.34) 

in  which  Gdc  and  Gac  are  the  dc  and  ac  conductance  in  units  of  ohm'1.  The  loss 

current,  IL,  corresponds  to  the  summation  of  both  the  ohmic  loss  current,  IQ,  and  the 
polarization  loss  current  IP: 

rL  = lo  + !p  (2.35) 

Expressed  as  a function  of  voltage  and  conductance,  IL  becomes: 

rL  = (Gdc  + Gac)V  (2.36) 

The  loss  current  is  in  phase  with  the  applied  voltage  because  Gac  and  Gdc  are  not 
complex  in  nature.  The  total  current  of  the  capacitor  filled  with  a dielectric 
corresponds  to  the  summation  of  the  charging  current  and  the  loss  current: 

*t  = Ic  + JL  = (iuC  + Gdc  + Gac)V  (2.37) 

The  vectorial  summation  of  these  vectors  is  illustrated  in  Figure  2.15.  As  illustrated 
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Imaginary 


Figure  2.15.  Vector  diagram  of  charging,  loss  and  total  currents  in  a dielectric 
[Hen90]. 
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in  the  figure,  the  total  current  in  a real  dielectric  leads  the  voltage  by  an  angle 
((n/2)-6)  where  S is  referred  to  as  the  loss  angle. 

The  charge  stored  in  the  dielectric  can  be  expressed  as  (refer  to  equation 

2.24) 


Q = CV  = kC0V  (2.38) 

Since  the  total  flow  of  current  is  equal  to  the  variation  of  charge  with  respect  to  time, 
the  following  expression  is  obtained: 

IT  =dQ/dt  = C dV/dt  = kC0io>V  (2.39) 

By  making  an  analogy  between  equations  2.37  and  2.39: 

kC0icoV  = (io>C  + Gdc  + Gac)V  (2.40) 

rearranging  this  expression  yields: 

k = C/Q-  [i(Gdc  + Gac)]/o)C0  (2.41) 

Thus,  one  demonstrates  the  complex  nature  of  the  dielectric  constant  of  the  material. 
The  real  and  imaginary  parts  of  k‘  are  given  as 

k'  = C/C0  and  k"  = (Gdc  + Gac)/coC0  (2.42) 

The  total  current  inside  a real  dielectric  possessing  both  charging  and  loss  processes 
is  expressed  as  a function  of  one  complex  parameter,  k\  that  is  intrinsic  to  the 
material  and  has  the  following  forms: 

k*  = k'  -ik"  (2.43) 

The  permittivity  of  real  dielectrics  is  also  complex  in  nature: 

e * = e ' - ie  ” (2.44) 

and  is  related  to  the  complex  dielectric  constant: 


k*  = e’Ao 
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(2.45) 

The  real  part  of  k , k' , describes  the  ability  of  the  dielectric  to  store  charges 
and  is  referred  to  as  the  charging  constant  or  dielectric  constant.  The  imaginary  part 
of  k , k",  describes  the  losses  exhibited  by  the  dielectric  and  is  called  the  dielectric 
loss  factor.  The  ratio  of  the  loss  factor  to  the  dielectric  constant,  tan<5,  is  referred 
to  as  the  loss  angle  or  the  dissipation  factor.  The  loss  tangent  is  defined  also  as  the 
ratio  of  the  loss  current  to  the  charging  current 

tan<5  = (loss  current/charging  current)  = e"/e/  = k"/k'  (2.46) 

The  inverse  of  the  loss  tangent,  l/tan<S,  provides  the  primary  criterion  for  evaluating 
the  usefulness  of  a dielectric  as  an  electrical  insulator  at  higher  frequencies  (l/tanfi 
in  this  case  is  not  to  be  confused  with  the  quality  factor,  Q,  of  the  cavity). 

Since,  with  most  dielectric  measurement  techniques,  it  is  difficult  to  separate 
the  type  of  losses  due  to  polarization  from  those  due  to  conduction  (adc),  all  the 
losses  can  be  grouped  together,  thus  defining  the  effective  loss  factor  e"eff  given  by 

e"eff  = e"(o)  + adc/(e0co)  (2.47) 

in  which  e"(to)  does  not  include  conductivity  losses  (adc),  but  includes  all  the  other 
losses  [Met88]: 

e"(w)  = €*k(o)  + e"0(o>)  + e " a(o ) + e"e(<*>)  (2.48) 

where  the  subscripts  refer  to  space  charge  (Maxwell-Wagner),  orientation,  atomic 
and  electronic  polarization.  The  departure  from  the  ideal  case,  in  which  all  charged 
species  are  strongly  bounded  inside  the  solid  structure,  results  in  the  transport,  over 
long  distances,  of  free  ionic  species  (and/or  electrons).  The  dissipation  of  energy 
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due  to  conduction  losses  results  in  the  production  of  heat  referred  to  as  Joule 
heating.  The  total  heat  developed  inside  the  dielectric  is  the  sum  of  the  Joule  heat 
and  the  heat  from  dielectric  loss  (the  frequency  dependent  or  relaxation  losses).  A 
treatise  on  dielectric  properties  of  glasses  is  provided  in  Chapter  3.  A detailed 
review  of  the  loss  terms  and  their  origin  is  also  provided. 

Depending  on  the  operating  frequency,  one  or  more  than  one  polarization 
mechanism  might  be  the  dominant  loss  mechanism. 

During  operation,  real  dielectrics  exhibit  energy  losses  during  each  cycle  of  the 
alternating  voltage  (of  electric  field)  this  energy  loss  per  cycle  (in  joules/unit  volume) 
is  [Kin76]: 

W = 27rk'(E02/2)  tan<5  (2.49) 

The  energy  loss  per  second  (in  Watts/unit  volume)  is: 

W'  = 27rfk'  (E02/2)tan<5  (2.50) 

where  f is  the  operating  frequency  and  E0  is  the  maximum  electric  field  produced  by 
the  sinusoidal  voltage. 

It  is  useful  to  relate  the  relative  dielectric  constant,  k' , of  the  material,  which 
is  a macroscopic  characteristic  of  the  material,  and  the  polarizability  which  is  a 
characteristic  of  the  molecule.  This  relationship  can  be  established  by  considering 
the  total  electric  displacement  field  or  the  electric  induction,  D (in  C-m2).  In  free 
space,  the  relationship  between  the  induction  and  the  electric  field  is  given  by 

D = e0E  (2.51) 

In  the  presence  of  a material,  the  electric  induction  is  a function  of  the  properties 
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of  the  medium,  and  is  related  to  the  externally  imposed  electric  field  by  the  complex 
permittivity  of  the  material,  e , through  the  following  expression: 

D = e ’E  (2.52) 

The  electric  displacement  field  is  also  defined  as  the  sum  of  the  induction  (if  there 
was  no  dielectric  in  the  condenser)  and  the  polarization  field  within  the  material: 


D = e0E  + P or  P = D - e 0E  (2.53) 

Therefore,  we  can  express  P as  a function  of  E: 

P = e'E  - e0E  = (e ' - e0)E  = e0(k‘-l)E  (2.54) 

Rearranging  the  last  two  equations  yields: 

k'  = 1+  (P/e  0E)  (2.55) 

k’  - 1 = P/(e0E)  (2.56) 


The  previous  equation  (2.56)  can  also  be  obtained  from  the  definition  of  the 
polarization  which  is  described  as  the  total  dipole  moment  induced  in  a unit  volume 
of  the  material  (see  equation  2.64).  The  polarization  is  a measure  of  the  change  in 
the  capacitance  (or  field),  so  that: 

p = (c  -C0)V  = C0V(k*  - 1)  = (Q/V)V(k‘  - 1)  (2.57) 

P = e0(V/d)(k*  -1)  (2.58) 

P = e 0E(k’  -1)  (2.59) 

The  ratio  of  the  bound  to  the  free  charge  is  defined  as  the  electric 

susceptibility,  x,  and  is  given  by 

X = P/e0E  (2.60) 

Therefore,  we  can  obtain  a relationship  between  the  dielectric  constant  and  the 


susceptibility  of  the  material: 
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k’  = 1 + X (2.61) 

Since  our  aim  is  to  relate  k to  the  molecular  polarizability,  we  can  elaborate  on 

equation  2.61  by  expressing  the  polarization  vector  P as  a function  of  its  molecular 
constituents,  namely  the  dipole  moments  created  under  the  externally  imposed 
electric  field. 

Nonpolar  molecules  may  acquire  an  induced  moment  by  molecular 
deformation  in  an  externally  imposed  electric  field.  The  displaced  charges  compose 
dipoles,  n,  whose  moment  is  proportional  to  the  applied  electric  field  at  the 
molecular  level  (i.e.,  the  local  or  internal  electric  field  near  the  molecule),  and  the 
polarizability,  a,  (in  F-m2)  which  is  the  measure  of  the  dipole  moment  induced  by  a 
unit  field: 

^ = aEioc  (2.62) 

The  total  polarizability  a can  be  expressed  as 

aT  = <*e  +Qa  +“o  + ai  (2.63) 

where  ae,  aa,  a0,  oq  are  the  electronic,  atomic,  orientation  and  interfacial 
contributions  to  the  polarizability. 

At  the  macroscopic  level,  alignment  by  the  field  is  opposed  by  thermal 
agitation.  When  a statistical  equilibrium  is  established  at  a given  isothermal  state, 
the  number  of  aligned  dipoles  per  unit  volume  N is  constant.  The  total  dipole 
moment,  the  macroscopic  polarization,  is  then  given  by 

P = NaTEloc 


(2.64) 
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and  the  following  expression  is  obtained: 

P = NaTEloc  = e0(k'  - 1)E  (2.65) 

This  equation  links  macroscopic  to  molecular  parameters  in  the  dielectric. 

The  polarization  of  the  surrounding  medium  affects  the  magnitude  of  the  local 
field,  Eloc.  The  local  field  is  different  from  the  applied  field  except  for  low  pressure 
gases  in  which  the  interaction  between  molecules  can  be  neglected,  and  one  can 
obtain: 

NaT/e0  = (£'  - 1)  (2.66) 

Mosotti  derived  the  local  field  magnitude  as  a function  of  the  applied  field.  The 
equation  relating  the  two  fields  is  given  by 

Eioc  = E + P/(3e0)  = E(1  + x/3e0)  = E(3e0  + e'  - e0)/3e0  (2.67) 

Eloc  = (€'  + 2e0)E/3e0  = (k'  + 2)E/3  (2.68) 

The  derivation  of  the  local  field  acting  at  the  molecular  level  is  provided  in  Appendix 
A.  The  polarization  now  becomes: 

P = NaTE(k/  + 2)/3  (2.69) 

Hence,  using  equation  2.69: 

NaT/3e0  = (k'  - l)/(k'  + 2)  (2.70) 

which  is  the  Clausius-Mossoti  equation. 

The  number  of  molecules  per  unit  volume  is  related  to  the  number  of  molecules  per 
mole  by  Avogadro's  number: 

N = N0p/M  (2.71) 

where  M is  the  molecular  weight  and  p is  the  density.  This  gives  an  equation 
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relating  the  total  poarizability,  aT,  to  different  measurable  parameters,  including  the 
dielectric  constant: 

aT  = [3M(k'  -l)]/[N0p (k'  +2)]  (2.72) 

2.2.4  Polarization  Mechanisms  Versus  Loss 

As  discussed  previously,  orientation,  and  space  charge  polarization  along  with 
conduction  losses  are  believed  to  be  the  dominant  loss  mechanisms  at  microwave 
frequencies.  The  following  is  a detailed  discussion  of  the  loss  mechanisms  brought 
about  by  orientation  and  space  charge  polarization. 

2.2.4a  Orientation  polarization  versus  loss 

The  dielectric  relaxation,  in  the  case  of  orientation  polarization,  is  defined  as 
the  lag  in  dipole  orientation  behind  the  alternating  electric  field.  The  relaxation 
time,  t,  is  defined  as  the  time  in  which  the  polarization  is  reduced  to  1/e  of  its 
original  value.  The  orientation  polarization  depends  on  the  internal  structure  of  the 
molecules  and  on  the  molecular  arrangement  or  the  structure  of  the  dielectric.  The 
orientation  polarization  can  lag  behind  the  field  due  to  two  main  reasons.  If  the 
viscosity  of  the  medium  is  too  high  resulting  in  slow  rotary  motion  of  the  dipolar 
molecules,  and/or  the  frequency  of  the  applied  electric  field  is  too  high,  equilibrium 
with  the  field  is  not  attained.  The  polarization  induces  a current  that  is  out  of  phase 
with  the  imposed  oscillating  electric  field  and  a conductance  current  in  phase  with 
the  field  which,  as  discussed  previously,  results  in  energy  dissipation  in  the  form  of 


heat. 
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Working  on  electrolytes,  Debye  [Deb29]  derived  his  well-known  equations: 
£*=€„+  (es  - )/( 1 +i tar)  (2.73) 

where  ea  is  the  unrelaxed  high-frequency  permittivity,  es  is  the  low-frequency  or 
static  value  of  the  permittivity  and  r is  the  relaxation  time.  The  division  of  the 
complex  dielectric  constant  into  the  real  and  imaginary  parts  is  presented  in 
Appendix  II.  The  classical  approach  to  the  treatment  of  permanent  dipoles  (polar 
molecules  dissolved  in  non-polar  solvents),  is  to  consider,  in  the  presence  of  an 
alternating  field,  the  rotation  of  a spherical  dipole  in  a viscous  medium  dominated 
by  friction.  By  assuming  the  dipolar  molecules  to  be  spherical  moving  in  a viscous 
fluid,  Debye  derived  a molecular  relaxation  time  given  by 

r = (47rr?r3)/kbT  (2.74) 

in  which  kb  is  Boltzmann's  constant,  r is  the  radius  of  the  spherical  molecules,  and 
r?  is  the  coefficient  of  internal  friction  of  the  medium.  When  r?  is  replaced  by  the 
experimentally  measured  macroscopic  viscosity,  unsatisfactory  results  are  obtained 
in  most  cases.  Many  liquids  and  solids  possess  relaxation  times  which  are  much 
longer  than  those  derived  from  the  above  equation.  Debye  recognized  the  limitations 
of  his  equation  and  elaborated  on  it  by  taking  into  account  the  local  field  acting  at 
the  molecular  level  and  derived  a new  effective  relaxation  time,  t e: 

% = («o  + 2)/[(e„  + 2)r]  (2.75) 

Despite  the  correction  for  the  relaxation  time  of  dipoles,  the  results  are  still  fairly 
inaccurate.  There  are  several  reasons  for  the  limitations  of  Debye's  equations.  Each 
molecule  is  acted  upon  by  strong  electric  forces  due  to  the  surrounding  molecules. 
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If  a molecule  is  not  spherical,  the  process  of  orientation  by  rotation  about  different 
axes  should  require  different  relaxation  times.  Furthermore,  it  is  difficult  to  imagine, 
particularly  in  solid  dielectrics,  the  dipoles  as  spheres  in  a medium  where  the 
coefficient  of  internal  friction  or  viscosity  is  the  dominant  mechanism.  In  fact, 
solidification  fixes  the  molecules  with  such  rigidity  in  the  lattice  that  little  or  no 
orientation  of  the  dipoles  in  an  externally  applied  field  is  possible.  The  dielectric 
constant  depends  simply  upon  the  displacement  of  charges  inside  the  molecules 
[Smy55].  It  is  reasonable,  however,  to  picture  molecules  in  the  liquid  or  solid  state 
executing  rotary  oscillation  in  potential  energy  troughs  with  varying  degrees  of 
probability  for  surpassing  the  potential  barriers.  The  difference  between  the 
macroscopic  relaxation  time  and  the  molecular  relaxation  time  is  small  for  some 
materials  and  unacceptable  for  others.  This  further  illustrates  the  limitations  of 
Debye's  equation.  It  appears  that  a more  rigorous  investigation  of  dielectric 
relaxations  will  show  that  the  difference  between  the  relaxation  times  is  not  large. 

An  energetic  approach  was  considered  for  the  study  of  the  polarization 
phenomenon.  The  concept  of  an  activation  energy  was  introduced  and  only  dipoles 
possessing  sufficient  energy  acquire  different  equiprobable  positions.  This  treatment, 
as  will  be  discussed  in  a future  paragraph,  took  into  account  the  thermal  energy  of 
the  material,  the  forces  surrounding  interacting  molecular  particles  and  an  energy 
barrier  filtering  the  dipolar  transitions  (the  orientation  and/or  reorientation  of  the 
different  existing  dipoles).  The  relaxation  time  is  linked  to  the  energy  barrier,  and 
the  polarization  change  is  found  to  be  exponential  (1  - e't/r). 
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When  a dielectric  is  subjected  to  an  alternating  electric  field  E(t),  the  electric 
displacement  vector  D(t)  is  also  found  to  be  time  dependent  and  composed  of  two 
terms,  an  instantaneous  displacement  and  an  absorptive  term  [Smy55,  McG63]: 

D(t)  = e.E(t)  + \J  E(x)  f(t-x)  dx  (2.76) 

where  E(x)  is  the  electric  field  applied  during  the  time  interval  x and  x + dx,  and  f(t) 
is  a decay  time  function  proportional  to  exp(-t/r ): 

f(t)  « e',/r  (2.77) 

in  which  r , the  relaxation  time,  is  independent  of  time  but  dependent  on 
temperature. 

Differentiating  equation  2.76  and  equation  2.77  with  respect  to  time,  and  multiplying 
by  t yields: 

rdD(t)/dt  = ear  dE(t)/ dt  + rf(0)E(t)  - JV  E(x)f(t-x)dx  (2.78) 

in  which  the  constant  f(0)  is  the  value  of  the  decay  function  when  the  field  is 
constant. 

Adding  equation  2.76  and  equation  2.78  gives: 

rd(D(t)  - e.E(t))/dt  + (D(t)  - eBE(t))  = rf(0)E(t)  (2.79) 

The  value  of  f(0)  can  be  calculated  by  considering  the  static  electric  field  case 
and  the  previous  equation  becomes: 

rd(D  - e.E)/dt  + (D  - e.E)  = rf(0)E  (2.80) 

in  which  none  of  the  fields  are  time  dependent  and  therefore  any  derivation  with 
respect  to  time  should  equal  to  zero: 


d(D  - e„E)/dt  = 0 


(2.81) 


The  following  equation  is  obtained: 
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(D  - e„E)  = rf(0)E  (2.82) 

using  the  relationship  of  D to  E in  a static  field  (D  = esE): 

(£s  * £oo)E  = r f(0)E  (2.83) 

(es  - eD)  = rf(0)  (2.84) 

Replacing  f(0)  by  its  value  in  equation  2.80  yields: 

rd(D(t)  - e„E(t))/dt  + (D(t)  - e„E(t))  = (es  - e„)E(t)  (2.85) 

By  deriving  the  electric  field  and  the  displacement  field  versus  time  one  obtains: 

dE(t)/dt  = ioE  (2.86) 

Since  D = e *E: 

dD(t)/dt  = ioe'E  (2.87) 

Substituting  in  equation  2.89  yields: 

r io  (e  s - e.)E(t)  + (e  ’ - e.)E(t)  = (e  s - eJE(t)  (2.88) 

Replacing  e * by  its  value  in  equation  2.88  gives: 

ri(o(e0  - e.)E(t)  + (e,  + [(es-e.)/(l  + ior)]  -effl)E(t)  = (es  - e.)E(t)  (2.89) 
Separating  the  real  and  imaginary  part  gives  the  dielectric  constant  and  the  loss 
factor  as  a function  of  the  angular  frequency,  the  relaxation  time,  and  the  dielectric 
constants  at  d.c.,  es,  and  at  very  high  frequencies,  eB: 

£/  = e«  + (£S  -€.)/(l  + co2r 2)  (2.90) 

e"  = (es  - e«)<or  /(I  + O )2r2)  (2.91) 

The  factor  (e0  - e«)  is  called  the  dispersion  of  the  permittivity.  Although  equations 
2.90  and  2.91  are  referred  to  as  Debye's  equations,  they  are  simpler  than  those 
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originally  derived  by  Debye  for  a molecular  orientation  process.  As  demonstrated 
in  Appendix  A,  the  loss  factor  is  at  its  maximum,  e"max,  when  or  = 1: 

£ max  ~ (es  e®)/2  (2.92) 

The  relative  dielectric  constant  at  o = 1/r  is  found  to  be: 

eV  = i)  = (es  + e»)/2  (2.93) 

The  angular  frequency  at  which  the  loss  factor  has  a maximum  is  defined  as  the 
relaxation  frequency  o r ( = 1/r ).  This  is  not  a resonance  but  an  exponential  process. 
For  example,  assuming  that  a simple  relaxation  process  with  a single  relaxation  time 
is  taking  place,  the  frequency  at  which  e"max/2  is  obtained  is  at  or  = 2 ± (3)1/2 
Which  is  far  away  from  that  of  e"max  [Thu92].  The  half  width  A logo  r of  the  loss 
factor  curve  is  approximately  1.14  decades  in  frequency. 

The  tan<5,  the  ratio  of  the  loss  factor  to  the  dielectric  constant  is  therefore: 
tanS  = e"/e'  = (es  - effl)wr  /(es  + efflW2r2)  (2.94) 

The  typical  dependence  of  e',  e"  and  tanS  upon  frequency  is  illustrated  in 
relaxation  spectra  as  shown  in  Figure  2.16.  The  dissipation  factor,  tanS,  reaches  its 
maximum  at  an  angular  frequency  (es/e„)1/2/r . The  displacement  of  this  loss 
tangent  peak  to  higher  frequencies  (w>  1/r ) makes  it  possible  to  observe  a maxima 
in  tanS  where  the  e"  maxima  is  at  frequencies  too  low  to  be  measured. 

The  main  difference  in  the  dielectric  behaviors  of  solids  and  liquids  arises 
from  the  restriction  of  the  orientation  freedom  of  polar  molecules  caused  by  lattice 
forces.  However,  in  some  solids,  dipolar  molecules  are  found  to  possess  sufficient 
orientational  freedom  to  give  dielectric  constants  comparable  to  those  of  the  liquid 
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Figure  2.16.  Frequency  variation  of  dielectric  parameters  [Hen90], 
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state.  The  rotational  freedom  of  molecules  in  solids  does  not  imply  that  the 
molecules  are  rotating  freely  as  in  gases,  but  that  they  possess  sufficient  energy  to 
permit  a fairly  frequent  passage  over  the  potential  barriers  hindering  rotation. 
Structural  investigations  by  means  of  nuclear  magnetism  [Smy55]  have  provided  much 
information  concerning  hindered  molecular  rotation  in  solids.  In  early  work  on 
molecular  rotation  in  solids,  it  was  thought  that  rotational  freedom  might  be  limited 
to  small  molecules  or  cylindrical  structures  of  small  radius,  with  rotation  occurring 
along  the  long  axis.  However,  it  was  demonstrated  that  the  large  spherical  molecules 
of  camphor  showed  molecular  rotation.  The  height  of  the  potential  energy  hump 
which  tends  to  prevent  dipolar  transitions  is  material  dependent.  Often  increasing 
the  size  of  the  molecules  facilitates  rotation  by  decreasing  the  energy  barrier  as  in 
ammonium  halides.  In  other  materials  such  as,  t-butyl  halides,  it  was  demonstrated 
that  the  increase  in  the  molecular  asymmetry  and  the  molecular  attractions  resulted 
in  an  increase  in  the  potential  barrier.  It  is  remarkable  to  find  that  the  energy 
barrier  of  some  materials  in  the  solid  state  to  be  lower  than  that  of  the  liquid  state, 
such  as  with  n-docosyl  bromide.  Many  polar  solids,  such  as  aliphatic  long-chain 

ketones  and  most  ethers,  exhibit  no  dielectric  loss  up  to  the  melting  temperatures 
[Mea61]. 

The  interactions  of  a molecule  with  its  neighbors  in  the  crystal  results  in 
complex  energy  wells.  The  representation  of  the  molecular  interaction  by  an  average 
potential  energy  curve  for  a single  molecule  may  not  be  valid,  especially  when  the 
motion  of  the  molecules  is  highly  cooperative  in  nature.  Nevertheless,  this 
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representation  makes  it  possible  to  conceptualize  dielectric  relaxation  processes  in 
materials  from  an  energy  standpoint. 

In  the  double  potential  well  model,  the  relaxation  time,  r,  is  linked  to  an 
activation  energy  barrier  A Eb.  The  model  assumes  that  each  dipole  has  two 
equilibrium  positions,  equal  in  energy  and  separated  by  an  energy  barrier,  A Eb.  The 
dipoles  oscillate  with  a frequency,  f0,  and  dipolar  transitions  are  only  permitted  for 
dipoles  possessing  enough  energy  to  overcome  the  energy  barrier  as  illustrated  in 
Figure  2.17.  The  applied  electric  field  distorts  the  symmetry  of  the  potential  well, 
favoring  dipolar  transition  in  one  direction.  The  dipoles  are  assumed  to  align 
parallel  and  antiparallel  to  the  imposed  electric  field.  The  energy  barrier  of  the 
relaxation  process  can  be  derived  from  the  slope  of  the  logFm  vs  1/T  K'1  as 
illustrated  for  a Li20-2Si02  (L2S)  glass  in  Figure  2.18.  The  frequency,  Fm, 
corresponds  to  the  frequency  at  which  the  dissipation  factor,  tan<5,  is  a maximum. 
The  mathematical  formulation  of  Fm  is  given  as  follows: 

Fm  = foCWM172  exp(-Eb/kT)  (2.95) 

in  which  f0  is  the  frequency  of  oscillation  of  the  dipole  in  its  potential  trough  (on  the 
order  of  1012-1013  sec1).  The  calculation  of  activation  energies  can  be  provided 
through  the  experimental  measurement  of  the  dielectric  loss  peak  as  a function  of 
temperature.  The  shift  of  the  dielectric  loss  peak  in  Li20-2Si02  as  a function  of 
temperature  is  illustrated  in  Figure  2.19. 

At  elevated  temperatures,  thermal  energy  can  exceed  the  energy  barrier  for 
dipolar  transitions  (AEb<<kT),  and  the  forces  created  by  the  surroundings  of  a 
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Figure  2.17.  Potential  energy  diagram,  a)  Rotating  dipole  in  a crystal  lattice 
with  energy  barrier  AE  and  equilibrium  positions  of  equal  energy  [Bir61], 
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Figure  2.17  (continued),  b)  More  complex  models;  (1)  Unequal  potential 
minima;  (2)  System  giving  two  absorption  regions;  (3)  One  deep  potential 
minimum,  many  shallow  minima  [Bir61]. 


89 


Figure  2.18.  Logarithmic  temperature  dependence  of  th 
at  the  dielectric  loss  peak  for  an  L2S  glass  heated  at  500 
[Hen90]. 


ie  frequency  location 
° C for  various  times 
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Figure  2.19.  Shift  of  the  dielectric  loss  peak  in 
to  increasing  temperature  [Hen90]. 


a Li20*  2Si02  (L2S)  glass  due 
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dipole  would  not  play  an  important  role  due  to  thermal  randomization.  However, 
the  lattice  forces  in  solid  dielectrics  are  considerable  when  compared  to  the  thermal 
energy  of  any  given  dipole,  and  the  interatomic  forces  result  in  a deviation  from  the 
Debye  model.  The  interatomic  forces  surrounding  a given  dipole  restrict  its 
transition  to  specific  equilibrium  positions.  It  is  not  necessary  for  the  number  of 
equilibrium  positions  to  be  restricted  to  two,  as  long  as  they  are  all  equal  in  energy. 
In  most  solids,  the  equilibrium  positions  of  the  dipoles  are  unequal  as  illustrated  in 
Figure  2-17  and  the  energy  barrier  filtering  the  dipolar  transitions  is  the  small  energy 

barrier,  AE,.  In  such  cases,  the  molecular  relaxation  time  is  approximated  by  the 
expression: 


fm  ~ 1/(2ttt)  - A exp(-A  Ej/kT)  (2.96) 

If  the  magnitude  of  the  energy  difference  between  equilibrium  positions,  A E0,  is  large 
compared  to  kT  (A  E0>  >kT),  then  the  magnitude  of  dielectric  absorption  is  given  by 

(£ ' s ’ 6 '®)  = (B/T)exp(-A  E0/kT)  (2.91) 

where  B is  a constant.  The  high  AE0  values  (>  > Skoal-mole'1)  explain  why  some 

polar  solids  (ethers  and  aliphatic  long  chain  ketones)  do  not  exhibit  dielectric  losses 
at  low  temperatures. 


A new  relaxation  time  is  derived  for  the  potential  double  well  model: 

ro  = (eo  + 2)/(et0  + 2)  f0  exp(AE/kT)  (2.98) 

This  expression  provides  more  realistic  values  that  are  closer  to  those  observed 
experimentally.  If  one  considers  that  dipoles  can  exhibit  more  than  one  activation 
energy  corresponding  to  transitions  from  different  potential  wells,  as  in  the  case  of 
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many  inhomogeneous  solid  dielectrics,  a range  of  relaxation  times  can  be  envisaged. 
The  hindered  dipole  redistribution  results  in  a multi-relaxational  response  as 
illustrated  in  Figure  2.20. 

To  account  for  the  broadening  of  the  relaxation  response,  Cole,  et  al.  [Col41] 
introduced  a spreading  factor,  s,  and  modified  the  complex  permittivity  as  follows: 
«*  = «'  -i€"  = + (€s  - 0/(1  + iwr(1-s>m)  (2.99) 

where  rm  is  the  mean  of  the  different  relaxation  times  corresponding  to  the  dipolar 
transitions.  The  spread  factor  is  used  to  describe  the  width  of  the  distribution  of 
relaxation  times  within  the  material.  The  Cole-Cole  plot,  in  which  e"  is  plotted  as 
a function  of  e ' , is  illustrated  in  Figure  2.21.  The  Cole-Cole  diagram  is  a measure 
of  the  various  relaxation  times  for  a specific  dielectric  material.  A perfect  semicircle 
is  obtained  when  there  is  a narrow  distribution  of  relaxation  times  (one  primary 
polarization  mechanism).  In  this  case,  s = 0,  a pure  Debye  response  is  obtained 
(dotted  line).  When  a dielectric  exhibits  a range  of  relaxation  times  (multiple 
polarization  mechanisms)  and/or  conduction  losses,  a tail  is  produced  (reflecting  an 
increase  in  e " when  € ' increases). 

2,2,4b  Space  charge  polarization  versus  loss 

There  are  two  main  types  of  interfacial  polarization.  The  first  involves  a 
variation  of  electrode  polarization,  the  second  consists  of  the  dielectric  behavior  due 
to  heterogeneities  in  materials  (Maxwell-Wagner  polarization).  This  discussion  will 
be  limited  to  Maxwell-Wagner  polarization,  since  microwave  processing  does  not 
involve  electrodes. 
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Figure  2.20  Ideal  Debye  loss  factor  vs.  frequency  responses  (dotted  lines) 
Hn^Me^r^101131  reSP°nSe  duC  t0  hindered  diPole  redistributions  (solid 
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Figure  2.2 i.  Qualitative  representation  of  the  Cole-Cole  diagrams  for  an 
fH  omCbye  relaxatl0n  (dotted  line)  and  for  a real  dielectric  (solid  line) 
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As  discussed  previously,  heterogeneities  are  a source  of  polarization  in 
materials.  The  dielectric  constant  and  conductivity  mismatch  between  the  different 
phases  causes  a charge  build-up  at  the  interfaces  of  the  different  phases.  When  the 
dielectric  is  subjected  to  an  alternating  electric  field  of  low  frequencies,  a net 
oscillation  of  the  charge  carriers  can  develop  between  the  barriers.  This  can  produce 
a large  capacitance  or  dielectric  constant.  The  range  of  frequencies  where 
interfacial  polarization  occurs  depends  on  the  material,  the  geometric  shape  and  the 
volume  fraction  of  the  second  phase.  The  interfacial  polarization  influences  the  total 
polarization  of  a heterogeneous  dielectric  at  the  frequency  band  (less  than  5xl07Hz) 
used  in  industrial  high  frequency  heating  [Met83].  Maxwell  studied  interfacial 
polarization  in  multilayer  capacitors.  A schematic  of  a two-layer  capacitor  is 
provided  in  Figure  2.22.  Each  layer  is  characterized  with  a thickness,  d,  a 
conductivity,  a and  a dielectric  constant,  e.  The  dielectric  parameters  of  the  model 
illustrated  in  Figure  2.22  are: 

tan5  = ct./oKo  [((kcTo/VJ  + «2r2)/(  1 + <o2t2)]  (2.100) 

in  which 

T = eo[(ko  - K)/(oa  -CT0)]  = e0[(k[d2  + k2d1)/(a1d2  + a2dj)]  (2.101) 

ko  = (dj  + d2)/(d1/k1  + d2/k2)  (2.102) 

ao  = (dj  + d2)/(d1/a1  + d2/a2)  (2.103) 

and 

a°  = [(dj  + d2)/ (d1/k1  + d2/k2)]  x (d}a  1/k12  + dp2/kj)  (2.104) 
The  frequency  location  of  the  dissipation  factor  maximum  is  given  by 
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Figure  2.22.  Schematic  two-layer  model  of  a glass  dielectric  [Hen90]. 
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fmax(tanS)  [a  idia  2d2/2jr  (kjd2  + k2d  i )]( k^/k^, ) 1/2  (2.105) 

Wagner  (1914)  extended  Maxwell's  theory  to  include  dispersed  spherical 
phases  in  his  dielectric  analysis.  The  Maxwell-Wagner  model  is  a simple  approach 
to  mterfacial  polarization  in  which  a distribution  of  conducting  phases  throughout  a 
non-conducting  medium  was  considered.  The  Maxwell-Wagner  theory  is  a detailed 
analysis  of  the  dielectric  behavior  of  materials  in  terms  of  the  dispersed  phases  rather 
than  an  atomistic  approach  as  in  Debye's  theory.  For  a low  concentration  of 

conducting  spheres  with  a volume  fraction,  V,  the  dielectric  absorption  terms  were 
derived  [Mea61]: 

e'  = 9V(e  ' j)2/(2e  ' , + e#2)  .or/(l  + w2r2)  (2.106) 

fmax(Hz)  = 1.8xl012  a2/(  2e  ' , + e' -,)  (2.107) 

where  e"  is  the  dielectric  absorption  of  the  composite,  a2  is  the  electrical 
conductivity  of  the  conductive  phase,  ande^ande',  are  the  real  part  of  the 
permittivity  of  the  continuous  and  the  conducting  phase,  respectively.  As  can  be  seen 
from  the  expression  of  the  loss  factor  (equation  2.106),  the  dielectric  absorption  is 
independent  of  the  conducting  sphere  size.  However,  with  high  volume  fractions  of 
conducting  spheres  (>30%)  the  dielectric  absorption  is  larger  than  that  predicted 
from  Wagner's  equation  [Kha53].  Under  these  conditions,  it  becomes  necessary  to 
take  into  account  the  interactions  between  the  dipoles  induced  on  the  conductors. 

The  Maxwell-Wagner-Sillars  (M-W-S)  theory  [Sil37],  extended  the  previous 
studies  to  include  dispersed  ellipsoidal  phases  in  the  dielectric  analysis.  The 
dielectric  parameters  of  the  composite  material,  with  the  assumption  a2>  >a„  were 


found  to  be 
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e"  ~ 6 ' i No> ^ / ( 1 + w2r2)  (2.108) 

in  which  N is  given  by 

N = k 2e  ' jV/[e  ' j(A.  -1)  + e ' 2]  (2.109) 

where  V is  the  volume  fraction  of  the  elliptical  particles  of  long  and  short  axes  (a) 
and  (b)  respectively,  and  A is  a dimensional  parameter  related  to  the  axial  ratio  a/b. 
The  relaxation  time  for  the  composite  material  was  found  to  be 

r = [e',(A  -1)  + e'2)e0]/a2  (2.110) 

and 

^max(e ")  ~ 1/(2tTt)  (2.111) 

The  dielectric  relaxation,  r,  is  primarily  dependent  on  the  conductivity  and  the  axial 

ratio  of  the  second  phase.  If  a highly  conductive  second  phase  is  formed  during  the 

processing  of  a ceramic  material,  the  overall  dielectric  behavior  of  the  composite 

would  be  dependent  on  the  morphology  of  the  second  phase.  Since  interfacial 

polarization  involves  d.c.  conductivity,  the  loss  contribution  due  to  the  latter  is  always 

present  and  should  be  included  in  the  dielectric  analysis.  Figure  2.23  illustrates  how 

the  conductivity  losses  can  dominate  the  overall  losses  giving  a response  indicated  by 
curve  IV. 

.2.2.5  Conductivity  I 

In  mixtures  containing  large  amounts  of  conductive  phases,  high  losses  due  to 
dc  conductivity  can  occur.  The  conductivity  losses  can  be  represented  by 


e"dC  = <7dcA><:0 


(2.112) 
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FiSure  2;23-  Influence  of  d.c.  conductivity  on  the  losses  in  interfacial 
polarization  - d.c.  conductivity  increasing  between  I and  IV  [Met83], 
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The  effective  loss  factor  consisting  of  the  losses  resulting  from  the  polarization 
mechanisms  and  the  losses  resulting  from  the  conductivity  effects  is  illustrated  in 

Figure  2.24.  As  shown  in  the  figure,  the  conductivity  losses  dominate  at  low 
frequencies. 

2.2.6  Magnetic  Loss  Factor 

Materials  exhibiting  high  magnetic  losses  can  also  be  effectively  heated  using 
microwave  energy.  Analogous  to  the  dielectric  permittivity,  the  complex  magnetic 

permeability  of  a material  under  the  influence  of  a alternating  magnetic  field,  H,  can 
be  expressed  as 

B = MoM  FI  (2.113) 

where  B (analogous  to  the  electric  flux  density  D)  is  the  magnetic  flux  density.  The 
complex  magnetic  permeability  is  given  by 

M = (M'  - iM"eff)  (2.114) 

where  « ' is  the  permeability  and  p"efr  is  the  effective  magnetic  loss  factor.  Although 
the  magnetic  effects  are  not  usually  important,  they  can  give  rise  to  considerable 
losses  as  in  the  case  of  Fe203,  Fe304,  NiO  and  materials  exhibiting  a strong  magnetic 

permeability.  The  magnetic  contribution  to  heating  is  insignificant  for  the  materials 
used  in  this  investigation. 

2*2/7 — Microwave  Power  Dissipation 

Any  electromagnetic  wave  propagating  in  free  space  transports 
electromagnetic  energy.  The  energy  flow,  due  to  the  EM  wave,  through  a closed 
surface  can  be  calculated  from  the  integration  of  the  Poynting  vector,  P : 
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Figure  2.24.  Effective  loss  factor  of  a heterogeneous  dielectric  exhibiting 
dipolar  and  tail  end  conductivity  losses  [Met83], 
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Py  = E x H W/m2  (2.115) 

Microwave  heating  results  from  the  dissipation  of  electromagnetic  energy 
inside  the  material.  The  average  power  (or  energy)  dissipated  by  the  microwaves 
inside  a material  of  volume  V,  [Cor62,  Met83,  Tin88,  Tin93]: 

Pav  = 1/2  (oe0e"eff  Jv  (E'E)  dV  (2.116) 

The  electric  field  intensity  can  vary  throughout  the  material,  thus  the  need  for  an 
integral  to  account  for  the  power  dissipated  at  different  elemental  volumes.  In 

special  cases,  when  the  electric  field  is  assumed  to  be  constant,  equation  2.116 
becomes: 

Pav  = u>e0e"effE2rnisV  (2.117) 

where  Erms  is  the  root  mean  square  of  the  interal  electric  field.  If  the  material 
exhibits  magnetic  losses,  the  permeability  term  must  be  added  to  the  previous 
equation: 

Pav  = (*>e0e" effE'rms V + coM0u',effH2rmsV  (Watts)  (2.118) 

Erms  — Eq/V2  (2.119) 

in  which  V refers  to  the  volume  of  the  material  to  be  heated  and  o = 2wf  (f  in  Hz) 
is  the  angular  frequency  of  the  microwave  signal.  Pav  is  always  less  than  P,  the  power 
sypplied  by  the  microwave  due  to  other  losses  within  the  cavity. 

2.2,7a  Penetration  depth 

If  the  microwave  irradiation  process  is  carried  out  under  an  incident  power 
level  Pit  the  microwave  penetration  depth  is  defined  as  the  distance  at  which  the 
incident  power  level  drops  to  1/e  of  its  value  at  the  surface  (e  being  the  natural 
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logarithmic  base).  The  microwave  penetration  depth,  Dp,  is  mathematically 
expressed  by  [Met88] 

Dp=  o/[2?r (e  7 )1/_]  • [(1  + (e"eff/e ' )2)I/2  - l]'1/2  (2.120) 

which,  for  low  loss  materials  (e"eff/e'  < < 1),  can  be  reduced  to 

Dp=  *o  (e,)1/2/(27re"eff)  ( 2.121 ) 

Equation  2.120  shows  that  the  penetration  depth  increases  with  increasing 
wavelengths  (decreasing  frequencies)  of  the  microwave  incident  signal.  If  the 
penetration  depth  is  greater  than,  or  within  the  range  of  the  sample  dimensions,  the 
microwave  heat  generation  is  volumetric  and  uniform  processing  is  more  likely  to  be 
achieved.  However,  if  Dp  is  much  smaller  than  the  workload  dimensions,  surface 
heating  will  occur  (as  in  conventional  heating)  and  will  result  in  non-uniform 
temperature  distribution.  The  situation  is  made  more  complex  when  the  material  to 
be  heated  consists  of  different  phases  each  having  a different  microwave  coupling 
characteristic.  Perhaps  the  most  complicated  situations  are  found  in  microwave  heat 
treatment  of  foodstuffs  in  which  selective  heating  can  occur.  Heat  treating  materials 
consisting  of  different  phases  with  microwave  energy  can  be  beneficial.  For  example, 
minerals  consist  of  an  amalgam  of  different  phases.  Upon  microwave  irradiation, 
some  phases  remain  transparent  while  others  heat  efficiently  and  expand.  This  results 
in  the  build-up  of  severe  thermal  stresses  at  the  interfaces  of  the  different  phases. 
Thermal  stresses  result  in  cracks  or  microcracks  within  the  material,  which  facilitate 
the  grinding  process  and  reduces  the  cost  of  extraction  [Wal88]. 
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22.7b  Rate  of  temperature  risp 

Assuming  that  microwave  penetration  depth  is  greater  than  the  sample's 
dimensions,  and  that  the  irradiation  process  results  in  a uniform  thermal  distribution 
of  a workload  of  mass  M,  the  microwave  power  necessary  to  raise  the  temperature 
from  T0  (in  ° C)  to  T (in  ° C)  is  [Met83,  Sut89]: 

Pav  = Q/t  = M Cp  (T  -T0)/t  (2.122) 

where  Q is  the  heat  generated  and  Cp  is  the  specific  heat  (J/Kg°  C)  at  constant 
pressure.  Using  equation  2.116  for  P yields: 

(T-To)/t  = a)£oe"effE2rmsV/(MCp)  'C/s  (2.123) 

which  can  be  expressed  as  a function  of  the  bulk  density  of  the  workpiece: 

(T  -T0)/t  = we0e"effE2mis/(PbCp)  0 C/s  (2.124) 

As  illustrated  in  equation  2.124,  a decrease  in  the  bulk  density  of  the  sample  will 

result  in  an  increase  in  heating.  This  is  supported  by  experimental  evidence,  to  a 
certain  extent  [Var88]. 

2.2.7c  Thermal  runaway 

Although  the  dielectric  loss  of  many  ceramic  materials  is  small  at  2.45  GHz, 
and  at  low  temperatures,  the  losses  increase  at  elevated  temperatures.  This  is  not 
true  for  all  materials.  For  example,  the  dielectric  constant  for  water  decreases  as  the 
temperature  increases  at  2.45  GHz.  Different  trends  may  be  observed  at  other 
frequencies  or  as  temperature  is  increased.  The  typical  qualitative  behavior  of  the 
effective  loss  factor  as  a function  of  temperature  for  a characteristic  ceramic  material 
is  shown  in  Figure  2.25.  As  illustrated  in  the  figure,  there  is  a significant  positive 
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change  in  the  slope  of  e"eff  versus  temperature  (de"eff/dt>0).  The  critical 
temperature,  Tc,  gives  an  approximate  indication  of  the  point  at  which  there  is  a 
significant  increase  in  e"eff  [Met88],  The  continuous  irradiation  of  a material  can 
result  in  an  increase  in  temperature  which  in  turn  results  in  an  increase  in  the 
effective  loss  factor,  which  in  turn  raises  the  temperature  of  the  material.  This 

uncontrollable  heating  is  referred  to  as  thermal  runaway  which  can  result  in  the 
deterioration  of  the  product. 

The  increase  in  temperature,  dT/dt,  of  an  elemental  volume  dV  is  directly 
proportional  to  the  microwave  power  input,  o e 0e '' effE2rms,  and  to  the  rate  at  which 
heat  is  conducted  away  from  the  elemental  volume  under  consideration.  When  the 
microwave  power  absorbed  by  the  bulk  sample  is  equal  to  the  power  dissipated  by 
the  sample  to  its  surroundings,  a steady  state  temperature  is  established  in  the 
sample.  The  temperature  of  the  sample  can  be  further  increased  if  more  microwave 
power  is  delivered  into  the  cavity.  However,  thermal  stabilization  is  possible  only  if 
the  heat  is  conducted  away  at  sufficiently  high  rates.  Since  the  thermal  conductivity 
of  most  ceramics  is  quite  low  (i.e.  < 0.04  cal  sec1  • C1  cm'2),  a non-equilibrium 
situation  can  occur,  resulting  in  a very  rapid  increase  in  temperature  of  the  elemental 

volume.  One  way  of  stabilizing  the  temperature  is  to  limit  the  microwave  power 
input  during  the  irradiation  process. 

Roussy  et  al.  [Rou85]  proposed  an  analysis  of  the  thermal  runaway 
phenomenon.  Only  a brief  description  of  their  findings  is  discussed  in  this  paragraph. 
Roussy  considered  the  thermal  runaway  phenomenon  in  granular  materials 
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Figure  2.25.  Qualitative  representation  of  the  loss  factor  as  a function  of  the 
temperature  [Met83]. 
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exchanging  heat  by  convection.  He  considered  the  equation  of  conservation  of 
energy: 


mCp(dT/dt)  = qc  + er"P  (2.125) 

where  m is  the  mass,  qc  the  heat  removed  by  convection  accompanying  a temperature 
increase  AT  = T -T0,  and  P is  the  microwave  incident  power.  Roussy  expressed  the 
relative  dielectric  loss  factor,  at  a temperature  T,  as  a function  of  a reference 
temperature  T0  by  Taylor  series: 


*\(T)  = + €'„(T-T0)  + e " r2(T-T0)2 

The  solution  to  equation  2.125  is 

JoT  [VC^o  + njU  + njU2)]  du  = t 


(2.126) 


(2.127) 


with 


no  = e^P/mCp,  n,  = [e"rlP-qc]/mCp,  n2  = e"r2P/mCp  (2.128) 
It  can  be  shown  that  when  n.cn,2/^  T will  converge  to  a finite  limit,  and  the 
system  is  stable.  When  n2>ni2/4iio,  the  system  is  unstable  and  when  n^nf/4^,  the 
system  is  critical.  Tc  is  a characteristic  of  the  material  and  is  defined  as  the  highest 
temperature  at  which  the  system  is  stable  (equilibrium  condition).  Tc  is 
mathematically  derived  to  be 

Tc*T0  = (e",o/e"r2)1/2  (2.129) 

In  practice,  thermal  runaway  does  not  occur  throughout  the  volume  of  the 
sample.  Depending  on  the  dielectric  behavior  of  the  material,  its  microstructural 
homogeneity,  and  its  purity  level,  thermal  runaway  can  take  place  at  localized  parts 
of  the  material  (hot  spots)  while  other 


parts  are  still  in  stable  thermal  conditions. 
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The  tan<5  versus  temperature  for  an  alumina  with  two  different  purities  is  illustrated 

in  Figure  2.26.  These  measurements  were  carried  out  at  2.45  GHz  the  working 

frequency  range  used  in  this  study.  The  critical  temperature  for  both  the  99.9%  and 

94%  purity  alumina  are  shown  in  the  figure,  and  the  Tc  dependence  on  impurities  is 
evident. 
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Figiire  2.26.  Typical  example  of  critical  temperature  in  ceramic  materials 


CHAPTER  3 

GLASSES  AND  GLASS  PROPERTIES 
Introduction 


In  this  chapter,  a review  of  pertinent  glass  literature  is  presented.  A general 
introduction  to  oxide  glassses,  a brief  review  of  glass  formation  and  structure  (with 
emphasis  on  the  NAS  glasses),  ionic  transport,  surface  modification  and  glass 

strengthening  is  provided.  Also  included  is  a section  on  the  dielectric  properties  of 
glass. 

Glasses  have  been  known  to  man  for  thousands  of  years,  and  their 
applications  have  gone  from  rudimentary  purposes  to  state-of-the-art  technology. 
Today's  world  has  broadened  the  use  of  oxide  glasses  in  diverse  and  far-ranging  fields 
such  as  telecommunication,  electronics  and  aerospace.  The  intrinsic  brittle  behavior 
of  oxide  glasses  along  with  the  tendency  toward  catastrophic  failure  has  often  limited 
their  use  in  applications  which  require  mechanical  strength. 

In  general,  brittle  materials  fail  to  exceed  more  than  a fraction  of  their 
theoretical  strength.  This  characteristic  behavior  has  triggered  extensive  research 
aimed  at  developing  increased  strength.  Strengthening  can  be  achieved  by  various 
methods  that  can  be  split  into  two  broad  categories:  1)  bulk  and  2)  surface 
techniques.  Only  the  surface  category  will  be  discussed  in  this  dissertation. 
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Ill 

Some  of  the  surface  techniques  create  a compressive  stress  distribution  on  the 
glass  surface.  The  resulting  strength  becomes  the  original  strength  of  the  glass  plus 
the  strength  added  by  surface  compression.  Surface  modification  techniques  can  be 
categorized  as  1)  thermal,  2)  chemical  strengthening  through  ion  exchange,  3) 

crystallization,  4)  thin  coating,  5)  cladding,  6)  etching  and  7)  related  techniques 
[Don89]. 

Strengths  greater  than  those  obtained  by  thermal  toughening  can  usually  be 
attained  by  chemical  strengthening.  However,  any  significant  strengthening  is 
unlikely  to  be  achieved  within  times  compatible  with  modern  production  rates 
[Doy79],  due  to  the  slow  reactions  involved  in  the  ion  exchange  process.  For  this 
reason,  chemical  strengthening  techniques  are  applied  where  safety  overrides 
economics.  On  the  other  hand,  chemical  strengthening  lends  itself  to  the  production 
of  thin  strengthened  glass.  Furthermore,  unlike  thermal  strengthening,  chemical 
strengthening  is  unique  in  that  it  is  readily  applicable  to  glass  that  is  perforated,  bent, 
irregular  in  thickness,  or  having  a complex  shape.  One  objective  of  this  research  was 
to  evaluate  microwave  energy  as  an  alternative  to  conventional  heating  to  carry  out 
the  chemical  strengthening  process. 

U Glass  Formation  and  Stmrturp 

In  the  last  few  years,  several  advances  have  been  made  in  the  conceptual 
understanding  of  amorphous  solids.  Glasses  are  amorphous  materials  that  can  be 
formed  by  quenching  from  the  melt,  but  are  often  fabricated  in  other  ways  including 
thin  film  deposition  of  chemical  vapors  on  a cold  substrate,  gel  dehydration  (sol-gel 
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processing)  and  geophysical  processes.  It  has  long  been  recognized  that  the  very 
existence  of  the  glassy  state  depends  on  the  "reluctance"  to  crystallize. 
Thermodynamically,  it  is  recognized  that  starting  from  the  molten  state,  glass 
formation  results  when  the  rate  of  attaining  true  thermodynamic  equilibrium  lags 
remarkably  behind  the  demands  of  falling  temperature.  In  contrast  to  crystalline 
solids  and  liquids,  glass  is  in  a nonequilibrium  state.  Transition  from  the  liquid  to 
the  glassy  state  and  back  is  not  thermodynamic  in  character;  it  is  a relaxation  process 
[Kob52,  Dav53,  Kau48].  The  structure  of  glass  corresponds  to  equilibrium  at  a 
temperature  above  Tg  (the  glass  transition  temperature).  In  other  words,  glass 
maintains  a frozen  liquid  structure.  This  is  true  for  glasses  of  any  composition: 
inorganic  glasses,  polymers,  and  vitrified  liquids  of  low  molecular  weight.  As 
illustrated  in  Figure  3.1,  there  is  a discontinuous  change  in  volume  at  the  melting 
point  (TJ  if  the  liquid  ciystallizes.  However,  if  no  crystallization  occurs,  the 
decrease  in  volume  with  respect  to  temperature  continues  at  the  same  rate  as  above 
the  melting  point  until  Tg  is  reached.  Below  Tg  the  glass  structure  does  not  relax 
(significantly)  and  volumetric  change  with  respect  to  temperature  (thermal  expansion 
coefficient)  is  about  the  same  as  that  of  the  crystalline  solid.  As  illustrated  in  Figure 
3.1,  glasses  formed  at  different  cooling  rates  have  different  glass  transition 
temperatures  and  different  specific  volumes.  The  kinetic  properties  of  a liquid 
cannot  be  characterized  by  a single  relaxation  time.  On  the  contrary,  there  is  a range 
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Figure  3. 1.  Schematic  specific  volume-temperature  relations  for  glasses 
formed  at  different  cooling  rates  and  crystal.  Adapted  from  [Kin76], 
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of  relaxation  times  corresponding  to  different  degrees  of  freedom  of  the  kinetic  units 
and  their  combinations.  Moreover,  the  concept  of  "degree  of  freedom"  of  a kinetic 
unit  loses  any  direct  meaning,  as  any  movements  in  it  are  cooperative  processes. 
Therefore,  there  is  a vitrification  range  rather  than  a point.  At  the  same  time, 
glasses  retain  the  ability  to  undergo  definite  micro-arrangements.  The  structure  of 
the  glass  is  very  close  to  the  structure  of  the  melt,  but  not  identical  with  it. 

An  amorphous  material  is  isotropic  and  has  no  long  range  order.  In  essence, 
any  molten  substance  can  be  made  into  a glass  solid  if  subjected  to  adequate  cooling 
rates.  The  functional  definition  of  solids  in  the  glass  realm  is  in  terms  of  viscosity. 
Any  material  whose  viscosity  exceeds  1015  poises  is  considered  a solid  [Dor73],  The 
rapid  solidification  results  in  an  overall  rigid  structure  in  which  molecular 
rearrangement  to  the  more  stable  crystalline  form  is  prevented  due  to  the  high 
viscosity.  The  glassy  phase  is  therefore  a nonequilibrium  state  of  matter.  However, 
due  to  the  extremely  slow  kinetics  of  molecular  rearrangements  (at  room 
temperature),  most  glasses  are  for  all  practical  purposes,  stable. 

Many  oxide  glasses  have  silica  as  their  main  constituent,  whose  components 
are  characterized  by  a high  degree  of  polymerization.  In  the  atomistic  theory  of  a 
continuous  lattice  [V0I6I]  a set  of  rules  that  govern  glass  formation  were  given.  The 
silicon  ion  has  a small  radius  and  is  surrounded  by  four  oxygens  arranged  in  a 
tetrahedron.  At  least  three  of  the  oxygens  of  a given  silicon  tetrahedron  are 
connected  with  other  tetrahedrons,  thus  forming  a continuous  network.  The  ionic 
radius  of  oxygen  (1.4(A)  is  larger  than  that  of  the  cations  and  the  structure  of  glass 
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is  determined  by  oxygen  grouping  around  cations.  As  discussed  previously,  upon 
cooling  from  a melt,  viscosity  increases  rapidly,  mobility  is  limited  and  crystallization 
is  not  achieved.  The  irregular  network  of  glasses  leaves  loose  holes  (interstices). 
These  holes  may  be  filled  with  monovalent  and/or  divalent  cations.  Species  with  a 
valence  less  than  2+  are  referred  to  as  network  modifiers.  The  presence  of  network 
modifiers  in  silica  glass  causes  a break  in  the  original  solid  structure 
(depolymerization).  A silicon  tetrahedron  can  either  be  joined  by  all  its  oxygens  to 
other  silicon  tetrahedra  (-Si-O-Si-  bonds),  or  it  can  have  1,2  or  3 of  its  corners 
occupied  by  non-bridging  oxygens  linked  to  other  modifying  cations  (-Si-O-Na- 
bonds).  The  quantity  of  non-bridging  oxygens  affects  the  polymerization  and  the 
spatial  arrangement  of  the  silicon  tetrahedrons,  and  thus  the  properties  of  the  glass. 
Glasses  with  a large  number  of  non-bridging  oxygens  (low  Si/O  ratio)  are  referred 
to  as  soft  glasses.  Glasses  with  a small  number  of  non-bridging  oxygens  (high 

number  of  bridging  oxygens)  and  a Si/O  ratio  nearing  the  value  of  0.5  are  called 
hard  glasses  [Vol61], 

Upon  cooling  from  a melt  a competition  for  oxygen  will  occur.  The  attraction 
between  Si  and  O is  more  powerful  than  between  the  oxygen  and  modifier  ions. 
Therefore,  the  basic  structure  of  glass  is  determined  by  the  arrangement  in  space  of 
the  different  silicon  tetrahedra.  However,  if  other  cationic  species  with  strong  affinity 
(i.e.  strong  binding  energies)  for  oxygen  are  present  in  the  melt,  the  oxygen  pairing 
will  not  be  exclusively  dominated  by  silicon  ions.  For  example,  aluminum  ions  can 
form  strong  bonds  with  oxygen  and  can  become  part  of  the  glass  structure  as  network 
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formers  rather  than  network  modifiers.  In  other  cases,  ionic  species  with  strong 
binding  energies  for  oxygen  can  cause  immiscibility  and  lead  to  phase  separation. 

32  Ionic  Transport  in  Oxide  r.law^ 

Ionic  diffusion  in  glasses  is  of  scientific  interest  as  well  as  practical 
importance.  The  following  paragraph  contains  a brief  description  of  diffusion  and 
conductivity  of  oxide  glasses.  This  discussion  will  exclude  electronic  conduction  as 
exhibited  by  certain  glasses  (chalogenide  glasses  and  glass  compositions  containing 
multivalent  oxides  such  as  vanadium  pentoxide  and  iron  oxide). 

The  electrical  conductivity  of  an  oxide  glass  is  closely  related  to  the  ionic 
motion  within  the  matrix.  Ionic  conductivity  depends  strongly  on  the  oxide  glass 
composition.  In  general,  the  alkali  ions  are  the  most  mobile  species  in  oxide  glasses 
because  of  their  low  bond  strength  to  oxygen.  Bond  strengths  are  obtained  by 
dividing  the  dissociation  energy  of  the  oxide  by  the  coordination  number  of  the 
cation  with  respect  to  oxygen  [Sta46].  The  alkali  ions  are  loosely  bound  in  the  glass 
structure  (typical  bond  strengths  are  in  the  range  of  10-20  kcal/g-atom) . Alkali  ions 
(Li,  Na,  K,  Rb,  Cs),  migrating  through  the  interstices  of  the  lattice,  are  responsible 
for  the  electrical  conductivity  of  most  oxide  glasses  even  if  present  in  quantities  of 
a few  parts  per  million.  In  most  commercial  glasses  the  conducting  ion  is  sodium. 
Although  ions  such  as  Li+,  K+,  Cs+  and  Rb+  sometimes  carry  current,  their  mobility 
is  lower  than  that  of  Na+.  Divalent  elements  of  alkaline  earth  metals  (Ca,  Sr,  Ba) 
have  similar  types  of  bonds  as  the  preceding  group,  but  have  high  oxygen  bond- 
strengths  (e.g.  >30  kcal/g-atom).  In  contrast  to  alkali  ions,  divalent  ionic  species  are 
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bonded  to  two  non-bridging  oxygens.  Therefore,  their  mobility  is  low  and  their 

contribution  to  the  overall  electrical  conductivity  of  glasses  is  negligible  compared 
to  that  of  alkali  ions. 

The  self  diffusion  coefficients  of  ionic  species,  D\  has  been  the  subject  of 
many  investigations  [Dor68,  Ing87,  Ter75J.  This  coefficient  is  evaluated  by  diffusing 
radioactive  tracers  (e.g.,  Na22  or  Na24  in  the  case  of  glasses  containing  sodium)  into 
the  glass  under  investigation.  The  glass  is  either  immersed  in  a large  dilute  source 
such  as  a molten  salt  or  coated  with  a thin-film  plane  source.  The  radioactive  tracer 
concentration  profile  is  then  evaluated  by  chemical  etching  or  mechanical  grinding 
followed  by  counting  the  activity  of  the  ground  powder  or  counting  the  residual 
activity  of  the  bulk  glass.  Measurement  of  the  self-diffusion  coefficient  by  the 

radioactive  tracer  method  is  not  accurate  to  more  than  about  10%  of  the  absolute 
value. 

The  temperature  dependence  of  D is  expressed  as 

D‘  = D0  exp(-ED/RT)  (3.1} 

where  D0  is  a constant  and  ED  is  the  activation  energy  for  diffusion.  The  activation 
energy  for  diffusion  is  close  to  that  of  conductivity  and  consist  of  two  terms.  The  first 
term  is  a dissociation  energy  term  that  corresponds  to  the  energy  required  to  create 
a vacancy  into  which  an  ion  can  jump.  The  second  term  is  electrostatic  in  origin  and 
corresponds  to  the  energy  necessary  to  tear  away  a cation  from  the  oxygen  anion. 
Glasses  with  their  inherent  open  structure  allow  ionic  passage  without  vacancy 
formation,  so  the  first  term  is  relatively  unimportant  in  these  materials. 
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The  mechanism  by  which  alkali  ion  transport  occurs  in  glasses  is  not  obvious. 
Due  to  thermal  randomization,  alkali  ions  vibrate  around  their  equilibrium  position 
with  a frequency,  v (sec1).  When  a given  alkali  ion  acquires  enough  energy  to 
surmount  the  energy  barrier  opposing  its  motion  , ED,  it  passes  to  an  adjacent  vacant 
site  located  at  a distance,  d.  The  number  of  alkali  ions  in  position  to  move,  n,  is  only 
a fraction  of  the  total  number  of  alkali  ions  per  unit  volume,  N.  The  Einstein- 
Smoluchowskii  equation  is  given  by  [Ter75] 

D = (n/N)dWp(-ED/kT)  (3.2) 

Since  the  conductivity  can  be  expressed  as 

a = (ne2dVkT)exp(-ED/kT)  (33) 

the  well  known  Nernst-Einstein  equation  can  be  derived  that  relates  diffusion  and 
electrical  conductivity. 

D/a  = kT/Ne2  (34) 

where  a is  the  electrical  conductivity,  k is  the  Boltzman  constant,  T is  absolute 
temperature,  N is  the  total  number  of  charge  carriers  per  unit  volume  (alkali  ions  in 
the  present  case)  and  e is  the  electronic  charge.  Experimental  data  shows  that  the 
Nernst-Einstein  relation  does  not  hold  well  without  modification.  This  discrepency 
arises  from  the  correlation  between  successive  jumps  of  a given  atom.  A correction 
term,  f,  defined  as  the  correlation  factor  is  introduced  to  account  for  the  correlation 
effects  in  vacancy  transport,  and  the  correlation  and  displacement  effects  in 
interstitial cy  transport  [Ter75].  The  correlation  factors  of  various  glasses  containing 
Na  scarcely  depend  on  the  CNa+.  However,  they  tend  to  decrease  slightly  with 
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increasing  Na  concentration  and  decreasing  temperatures.  The  correlation  factor  for 
NAS  glasses  containing  11-15.7  mol%  of  sodium  oxide  lies  between  0.34  - 0.73 
[Hec67].  The  Nerst-Einstein  relation  becomes  [Fri78] 

D/a  = fkT/Ne2  (3>5) 

The  correlation  term  depends  on  the  composition  of  the  glass.  In  general,  f is  in  the 
range  of  0 to  1.  The  correlation  factor  for  sodium  aluminosilicate  glasses  was  found 
to  be  0.8  for  Al/Na<  1,  and  0.3  for  Al/Na>  1 [Wil64],  The  change  in  the  correlation 
factor  was  attributed  to  a change  in  the  structure  of  the  sodium  aluminosilicate 
glasses  when  the  molar  ratio  of  A1  to  Na  ions  was  made  variable. 

33  The  Sodium  Aluminosilicate  Glass  System 

Evidence  of  the  existence  of  a microwave  effect  was  demonstrated  through  an 

ion-exchange  (a  diffusion  controlled  process)  investigation  performed  on  the  NAS 
glass  system. 

The  NAS  glass  system  exhibits  major  structural  changes  accompanied  with 
signficant  differences  in  dielectric  properties  when  r,  the  ratio  of  aluminum  to 
sodium  ions  is  taken  as  a variable.  These  features  make  the  NAS  glass  system  an 
excellent  choice  to  achieve  the  overall  objectives  of  this  study. 

The  incorporation  of  A1203  in  sodium  silicate  glasses  results  in  structural 
changes  accompanied  by  a reduction  of  non-bridging  oxygen  atoms.  Due  to  the  small 
ionic  radius  difference  between  the  Al3+  ion  (0.5-0.57A)  and  the  silicon  ion  Si4+ 
(0.39A),  it  is  geometrically  conceivable  that  the  aluminum  ion  can  replace  the  silicon 
ion  in  a Si04  tetrahedron.  Because  the  aluminum  ion  is  trivalent,  the  negative 
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charge  on  the  A104'  tetrahedron  must  be  compensated  for  (i.e.,  by  means  of  an  alkali 
ion  (R  + )).  An  R + A104‘  arrangement  can  replace  part  of  the  Si04  tetrahedra  in  the 
silicate  glass  system.  A direct  consequence  of  this  is  a reduction  in  the  number  of 
non-bridging  oxygen  ions.  A minimum  O/Al  ratio  of  2 is  required  to  form  A104' 
tetrahedra  which  constitute  a portion  of  the  continuous  glass  network.  In  alumina, 
however,  the  O/Al  ratio  is  1.5.  When  alumina  is  added  to  a soda  silicate  glass,  some 
of  the  non-bridging  oxygen  ions  in  the  glass  become  bridging  ions  coordinated  with 
aluminum  to  raise  the  O/Al  ratio  to  the  value  of  2.  Thus,  as  alumina  is  added  to  the 
glass,  the  number  of  non-bridging  oxygen  ions  decreases.  When  there  are  equal 
molar  amounts  of  soda  (Na20)  and  alumina  (A1203)  in  the  glass,  the  ratio 
0/(Si  + Al)  = 2 and  all  the  oxygen  ions  become  bridging  ions. 

The  properties  of  sodium-aluminosilicate  (NAS)  glasses  change  when  r is 
taken  as  a variable.  Discontinuous  changes  of  diffusion  coefficients,  electrical 
conductivity,  and  viscosities  have  been  observed  whenr  goes  through  the  equivalency 
point  (i.e.  r = Al/Na  = 1)  [Day62a,  Day62b,  Day62c,  Isa59],  Several  structural 
models  have  been  proposed  to  explain  these  pronounced  property  changes  [Zir90, 
Klo83].  These  models  assume  similar  chemical  environments  and  structural  roles  for 
sodium.  In  glasses  with  compositions  of  r < 1,  sodium  either  coordinates 
nonbridging  oxygens  (NBO)  or  charge  compensates  the  alumina  tetrahedra.  While 
in  glasses  with  compositions  of  r > 1,  the  NBO  disappear  and  the  sodium  acts  as  a 
charge  compensator  [Moo56,  Wil64,  Rie66].  The  coordination  of  the  aluminum  ion 
is  the  key  to  understanding  the  structure  of  the  alkali-aluminosilicate  glasses  and 
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their  characteristic  behavior.  As  A1203  is  introduced  into  a binary  alkali-silicate  glass, 
A1  ions  go  to  tetrahedral  coordination  and  A104'  tetrahedral  units  are  formed.  The 
number  of  A104'  units  increases  as  more  alumina  is  introduced  in  the  glass.  Both  the 
electrical  and  steric  interactions  of  the  alkali  ion  with  the  glass  network  decrease. 
This  is  reflected  by  an  increase  in  alkali  ion  diffusion  coefficients.  The  number  of 
non-bridging  oxygen  ions  decreases  to  a minimum  for  r = 1.0  in  which  all  the  alkali 
ions  are  positioned  in  the  negative  charge  positions  of  the  A104'  groups  [Isa59],  The 
activation  energy  for  diffusion  reaches  a minimum  for  r = 1.0.  For  compositions 
with  r > 1,  alumina  is  no  longer  present  only  as  A104‘  tetrahedra  due  to  the 
absence  of  compensating  positive  charges.  The  mechanisms  with  which  A1  goes  to 
coordination  at  r > 1 are  not  clear  and  the  nature  of  the  glass  structure  has  been 
a subject  of  debate  for  several  decades.  However,  there  are  three  major  models  that 
describe  the  glass  structure  for  r > 1. 

In  early  work  done  by  Day  and  Rindome,  the  coordination  of  the  aluminum 
ion  was  investigated  by  the  wavelength  of  the  Ka  line  in  the  x-ray  emission  spectrum 
of  the  aluminum  ion.  They  demonstrated  the  existence  of  octrahedrally  coordinated 
A1  ion  in  aluminosilicate  glasses  having  r > 1,  and  tetrahedrally  coordinated  A1  ion 
for  r < 1.  The  presence  of  A104'  groups  was  deduced  from  the  shift  of  the 
fundamental  Si-0  absorption  band  toward  longer  wavelengths  as  a function  of  r. 
The  authors  could  not  find  the  absorption  band  of  the  Si-O-Al  configuration  in 
glasses  with  r > 1.  A possible  explanation  for  this  is  that  a number  of  A1  ions  have 
an  average  coordinate  number  of  6.  No  well  defined  A106'  groups  occur. 
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Lacy  [Lac63]  analyzed  the  ways  in  which  A1  ions  can  be  incorporated  into  an 
aluminosilicate  glass.  He  assumed  3 different  types  of  oxygen  ions.  Bridging  oxygen 
ions,  non-bridging  ions  and  tripod  oxygen  ions.  The  tripod  ions  are  defined  as 
"bridging  oxygen  ions  which  share  an  electron  pair  with  a third  network  former  and 
which  are  formally  electrically  neutral  with  respect  to  the  latter".  Lacy  stated  that 
apart  from  the  A104'  groups,  the  only  sterically  possible  groups  are  the  A106'  groups 
and  the  "tricluster."  Figure  3.2  is  a schematic  representation  of  all  possible  groups. 
The  A106"  group  consists  of  3 bridging  ions,  one  non-bridging  (with  charge)  and  two 
tripod  oxygen  ions.  One  non-bridging  oxygen  ion  is  thus  needed  for  formation  of  all 
A106'  groups.  For  r > 1,  non-bridging  oxygen  ions  are  no  longer  available.  Excess 
of  A1203  can  be  incorporated  into  the  network  if  A104'  tetrahedra  are  formed  with 
the  aid  of  a tripod  oxygen  ion.  This  grouping  in  which  three  tetrahedral  groups  have 
one  oxygen  ion  in  common,  is  called  a "tricluster".  According  to  Lacy,  octrahedrally 
coordinated  A1  ions  can  not  exist  whenr  > 1 unless  very  high  pressures  are  applied; 
such  is  the  case  for  A1  coordination  in  some  minerals  (kyanite  and  sillimonite  are 
both  polymorphous  forms  of  Si02-  A1203). 

Rielbling  [Rie66]  proposed  a different  model  for  Al/Na  ratios  greater  than 
1 on  the  basis  of  the  viscosity  and  density  of  the  melts  in  the  sodium  aluminosilicate 
system.  Rielbling  suggested  that  some  A106'  octahedra  may  exist  above  the  ratio  of 
1,  but  that  not  every  A1  in  excess  of  Na  assumes  octahedral  coordination. 
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Figure  3.2.  Schematic  representation  of  the  possible  structural  units 
in  alkali-aluminosilicate  glasses:  a)  Al(-}04  b)  A104cl  (tricluster)  and  c) 
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Independently,  and  at  about  the  same  time  as  Rielbling's  proposal,  Taylor  [Tay70] 
presented  a similar  view  based  on  measurements  of  low  temperature  viscosities.  In 
addition,  a mechanism  for  the  formation  of  A106‘  groups  and  a structural  model  for 
compositions  with  Al/Na  ratios  above  1 was  proposed.  A reaction  that  predicts  how 
octahedral  and  tetrahedral  A1  ion  coordination  can  occur  was  derived: 

2A1203  = 3(A104/2)-  + Al3+  (3.6) 

The  A1  ion  which  has  no  bridging  oxygens  directly  associated  with  it  is  in  a state  of 
coordination  higher  than  four.  The  structural  group  written  as  A104/2  refers  to  the 
alumina  tetrahedra  that  are  part  of  the  glass  continuous  network.  The  number  (4) 
refers  to  the  number  of  oxygens  around  the  A1  ions  and  the  number  (2)  refers  to  the 
number  of  tetrahedra  (either  alumina  or  silica)  sharing  each  oxygen.  Although  each 
oxygen  in  the  three  (A104/2)  tetrahedra  of  the  previous  reaction  is  a bridging  oxygen, 
some  of  these  oxygens  must  also  screen  the  A1  ion  which  is  in  a higher  coordinated 
state.  Thus  a more  continuous  glass  network  is  produced  as  the  Al/Na  ratio 
increases  above  unity.  The  property  changes  in  NAS  glasses  with  composition  ofr 
> 1 were  thought  to  be  associated  with  the  cross-linking  of  rings  within  the  network 
which  would  cause  smaller  rings  to  occur  and  make  the  diffusivity  of  the  sodium 
more  difficult.  Changes  to  the  bond  angles  could  lead  to  a puckering  of  the  network 
which  in  turn  would  also  alter  the  sodium  diffusivity. 

Several  researchers  converged  their  efforts  to  study  particular  properties  that 
are  sensitive  to  a change  in  the  coordination  state  of  aluminum  ions.  Some 
properties  selected  for  investigation  were  density,  refractive  index,  internal  friction, 
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viscosity,  infrared  absorption,  electrical  conductivity,  diffusion,  leaching  and  dielectric 
properties  [Day62a,  Day62b,  Day62c,  Pau64,  Tay70]. 

Recently,  with  the  advances  of  characterization  techniques,  the  structure  of 
NAS  glass  has  been  studied  more  extensively.  The  XRF  [Han82],  XPS  [LamSO], 
EXAFS  [Mck85],  XANES  [Mck85],  Raman  [Mck84]  and  radial  distribution  [Mck87] 
analyses  were  performed  on  different  series  of  NAS  glasses  to  support  or  repugn  the 
current  glass  models.  The  most  widely  accepted  model  was  presented  earlier  which 
predicts  a tetrahedral  coordination  (n  = 4)  for  r < 1 and  an  A1  octrahedral 
coordination  (n  = 6)  for  r > 1. 

3.4  Surface  Modification  and  Glass  Strengthening 

Glasses  can  be  made  virtually  free  of  voids  and  other  internal  flaws. 
However,  glasses  generally  fail  long  before  their  theoretical  strength  («  106  psi)  is 
attained.  It  has  long  been  recognized  that  surface  defects  are  responsible  for  the  low 
strengths  (8,000-10,000  psi)  of  glass.  The  presence  of  surface  defects  is  generally 
accepted  as  inevitable.  Glass  strengthening  is  achieved  by  modifying  the  surface. 
Surface  modification  can  be  divided  into  two  main  categories;  defect  removal  and 
induced  stress.  Fire-polishing,  chemical  etching  and  crack  healing  are  three 
techniques  by  which  defects  are  blunted  and/or  removed.  Surface  crystallization, 
thermal  toughening  and  ion  exchange  are  techniques  by  which  compressive  stresses 
can  be  established  at  the  surface  of  a glass  article.  Since  failure  is  tensile  in  nature 
and  almost  always  originates  on  the  surface,  pre-stressing  the  glass  surface  in 
compression  results  in  greatly  improved  strength. 
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Surface  crystallization  weakens  most  glasses  because  it  introduces  cracks 
and/or  tensile  stresses.  In  some  glasses  however,  if  the  crystalline  layer  is  thin  and 
has  a lower  thermal  expansion  coefficient  than  the  underlying  glass,  strength 

enhancement  occurs.  Surface  crystallization  is  often  the  result  of  an  ion  exchange 
process. 

Strengths  of  more  than  50,000  lb/in2  can  be  obtained  by  the  ion  exchange 
process.  In  most  cases  the  glass  is  subjected  to  a combination  of  heat  and  an  ion 
interdiffusion  treatment  in  a molten  salt  bath,  thus  producing  a compressive  effect 
similar  to,  but  greater  in  magnitude  than  that  achieved  by  tempering.  The 
strengthening  process  is  carried  out  below  the  annealing  range  so  that  the  stresses 
introduced  are  not  removed  by  relaxation  [Hal68],  Surface  strengthening  of  glasses 
and  glass-ceramics  by  ion  exchange  can  be  divided  into  two  types:  A)  ion  exchange 
involving  a simple  solid  solution  between  the  surface  and  the  interior  phases  of  the 
glass  and  B)  ion  exchange  leading  to  phase  transformation  at  the  surface.  Only  ion 
exchange  involving  solid-solutions  is  of  interest  to  this  investigation.  Since  ion 
exchange  is  a major  focus  of  this  dissertation,  a more  in-depth  discussion  of  the 
theoretical  aspects  is  provided  here. 

The  strengthening  technique  involves  the  substitution  of  large  alkali  ions  for 
small  alkali  ions  at  the  surface  of  a glass.  Ion  replacement  leads  to  an  increase  in 
molar  volume  of  the  surface  relative  to  the  underlying  bulk  glass.  This  change  in  the 
chemical  composition  of  the  surface  of  the  glass  results  in  a two-dimensional  state 
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of  surface  compression,  since  the  underlying  glass  opposes  the  surface  expansion 
[Kin76].  The  ion  replacement  process  can  be  represented  by  the  equation: 

Na+g  + K+s~  Na+S  + K+g  (3J) 

in  which  Na  (g)  represents  the  cations  in  the  glass,  K+s  represents  the  cations  in  the 
solution  around  the  glass.  During  ion  exchange  some  of  the  Na+(g)  goes  into  solution 
as  Na  and  is  replaced  by  K As  mentioned  earlier,  the  K+  cations  are  of  larger 
radius  than  the  Na+  cations.  Since  the  radius  of  potassium  is  1.33A  and  that  of 
sodium  is  0.95A,  glasses  containing  sodium  can  be  strengthened  by  replacing  Na+ 
with  K . Similarly,  the  radius  of  lithium  (Li  + ) is  0.6A,  and  glasses  containing  lithium 
can  be  strengthened  by  replacing  Li+  with  Na+  and/or  K+. 

Ion  exchange  takes  place  against  the  elastic  forces  in  the  silicate  network  and 
the  mechanical  restraints  imposed  by  the  glass  body.  Furthermore,  the  cationic 
species  to  be  exchanged  have  different  mobilities.  Therefore,  one  ion  tends  to 
outrun  the  other  which  leads  to  the  establishment  of  an  electric  potential  gradient. 
The  electric  potential  created  tends  to  oppose  the  diffusion  of  the  fast  ionic  species 
and  assists  the  diffusion  of  the  slowest  ionic  species.  The  electrochemical  potential, 
r?,  of  a diffusing  ionic  species,  i,  in  the  glass  is  given  by  [Hal68] 

7 i,g  = Mi,g  + (3.8) 

where  m jig,  zt,  F and  (pg  are  the  chemical  potential,  the  valence,  Faraday's  constant 
and  the  electric  potential,  respectively.  The  chemical  potential  can  be  split  into  two 
terms:  1)  the  composition-dependent  term  of  the  chemical  potential,  n ' and  2)  a 
term  taking  into  account  the  mechanical  strain  energy  of  the  glass  lattice,  M g.  Thus, 
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equation  3.8  becomes: 

^i.g  = M i,g  + M "i,g  + Z;F(pg  (3.9) 

Since  in  molten  salts  the  electrochemical  potential  for  the  different  ionic  species  do 
not  take  into  account  the  mechanical  strain  energy,  its  expression  is  given  by 

hi  = Mis  + ZiF<ps  (3.10) 

At  equilibrium,  with  the  assumption  of  an  isothermal  state,  the  electrochemical 
potential  of  cations  A and  B in  the  molten  salt  and  in  the  glass  are  equal.  This  leads 
to  thermodynamic  equilibrium  constant,  K: 

Ka,b~  (CAgCB)/(CBgCA)  (3.11) 

where  CAg  and  CBg  are  the  concentrations  of  the  ions  in  the  glass,  and  CA  and  CB 
are  the  concentrations  in  the  molten  salt. 

The  compressive  stresses  at  the  glass  surface  associated  with  a molar  volume 
change  A V are  expressed  approximately  [Kin76] 

a = AV  E/[V*  (3(1-2^))]  (3.12) 

where  E is  the  elastic  modulus  (in  psi)  and  m is  poisson's  ratio  («0.2  for  glasses). 
The  degree  of  strengthening  depends  on  A V which  depends  on  the  glass  composition, 
the  alkali  involved  in  the  interdiffusion,  and  the  time  of  the  thermal  treatment. 
Sodium  aluminosilicate  glass,  as  exemplified  by  Corning  Glass  Works  Code  0317,  is 
chemically  strengthened  to  levels  over  450  Mpa  (65,000  psi)  modulus  of  rupture  with 
compression  depths  of  over  0.4mm. 

Ion  exchange  is  a diffusion  controlled  process  governed  by  Fick's  laws.  Fick's 
first  law  of  diffusion  states  that  the  quantity  of  matter  (or  diffusing  material)  which 
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passes  per  unit  time  through  a unit  area  normal  to  the  direction  of  diffusion  is 
proportional  to  the  concentration  gradient  [Dor73],  This  is  represented  by 

J = -D(dC/dx)  (3.13) 

in  which  J is  the  flux  of  the  diffusing  species,  D is  the  diffusion  coefficient  and  dc/dx 
is  the  gradient  of  concentration  driving  the  diffusion  along  the  x axis  (x  = 0 is  the 
surface  of  the  glass  article).  Furthermore,  in  the  case  of  a concentration-dependent 
diffusion  coefficient  D,  a solution  of  Fick's  second  law  is  given  as 

dc/dt  = d(-J)/dx  = d/dx(D  dC/dx ) (3.14) 

in  which  t is  time.  This  is  only  possible  when  a simple  relationship  exists  between 

D and  C.  In  the  case  where  diffusion  is  independent  of  concentration,  the  following 
equation  is  obtained: 

dc/dt  = d(-])/dx  = D d2C/d2x  (3.15) 

The  diffusion  coefficient  can  be  obtained  experimentally  by  measuring  the 
concentration  profile  of  a given  ionic  species.  There  is  also  a graphical  method  by 
which  the  diffusion  coefficient,  in  the  case  of  a semi  infinite  body,  can  be  obtained: 

Dc  = -l/(2t)  (dx/dt)  J0C  xdC  (3.16) 

This  method  was  used  in  this  study  (Chapter  5)  to  evaluate  the  diffusion  coefficient 
of  K+  into  the  NAS  Corning  glass  Code  0317. 

Doremus  [Dor73]  has  shown  that  the  concentration  C of  the  material  is  only 
a function  of  (x/(Dt)1/2): 

C/C0  = f(x/(Dt)1/2)  (3.17) 

where  C is  the  mol%  K20  exchanged  for  Na2Q.  The  total  amount  of  material,  Q, 
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diffused  into  the  glass  after  a time,  t,  is  proportional  to  (t)1/2  regardless  of  the 
relationship  between  D and  C. 

3.5  Dielectric  Losses  in  Glasses 

Losses  of  two  types  may  be  observed  in  silicate  glasses:  those  originating  in 
the  movement  of  alkali  ions  throughout  the  lattice  and  those  related  to  the  vibration 
of  the  lattice  of  the  silica  lattice.  The  stronger  the  structure  (the  cohesiveness)  of  the 
glass,  the  lower  the  dielectric  loss.  The  alkali  ions  pass  by  jumps  from  one  lattice 
hole  into  another  (relaxation  loss),  or  they  vibrate  within  their  lattice  holes  (vibration 
losses).  Relaxation  losses  prevail  at  frequencies  f < 107  sec'1,  vibration  losses  at 
frequencies  f>  107  sec  1 [Ste52].  Losses  vary  according  to  glass  composition.  The 
glass  composition  can  be  modified  to  reduce  or  increase  the  losses  at  certain 
frequencies.  There  are  two  other  important  types  of  losses  found  in  glasses; 
conduction  losses  and  deformation  losses.  Relaxation  losses  are  not  to  be  confused 
with  conduction  losses  since  the  former  involve  the  transport  of  alkali  ions  only  over 
atomic  distances.  In  contrast,  conduction  losses  result  from  the  transport  over  longer 
distances.  Transport  of  alkali  ions  through  the  glass  (i.e.,  conduction)  results  in 
energy  losses  in  the  form  of  heat.  The  losses  arising  from  ionic  conduction  depend 
on  the  conductivity  (inverse  of  resistivity)  according  to  the  equation 

tan<5  =adc/(ok'e0)  (3.18) 

in  which  ade  is  the  dc  electrical  conductivity,  k'  is  the  relative  dielectric  constant  of 
the  glass,  e0  is  the  free  space  permittivity,  and  w ( = 2rr  f)  is  the  angular  frequency  of 
the  alternating  voltage  (or  electric  field).  Conduction  losses  at  2.45  GHz  were 
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calculated  over  a range  of  temperatures  (25  - 500°  C)  for  the  NAS  Corning  glass  and 
the  significance  of  these  losses  will  be  discussed  in  Chapter  5. 

Since  relaxation  losses  involve  ionic  jumps  over  short  (atomic)  distances,  one 
has  to  consider  the  potential  energy  barriers  that  control  these  transitions.  Unlike 
crystalline  systems  in  which  the  potential  energy  barriers  are  regularly  spaced  and  of 
similar  heights,  glasses,  due  to  their  amorphous  nature,  exhibit  energy  barriers  of 
varying  heights  and  distances.  Figure  3.3  illustrates  the  potential  energy  barriers 
along  the  path  of  an  ionic  species  migrating  in  a glass  matrix. 

When  an  electric  field  is  applied  to  a given  glass  article  containing  alkali  ions, 
the  energy  barrier  is  distorted  favoring  the  ions  passage  in  the  direction  of  the  field. 
In  the  case  of  alternating  fields,  the  ionic  passage  over  the  energy  barrier  is  favored 
in  one  half  of  the  cycle  in  one  direction,  and  favored  in  the  opposite  direction  in  the 
other  half  of  the  cycle.  Therefore,  the  ions,  provided  they  have  sufficient  energy  to 
make  the  jump  over  the  energy  barrier,  will  jump  back  and  forth  as  the  electric  field 
changes  direction.  At  very  low  frequencies  (or  < < 1)  the  ions  follow  the  reversal  of 
the  electric  field,  and  the  losses  contributed  to  the  lattice  are  small.  At  very  high 
frequencies  (or  > > 1),  the  oscillation  frequency  of  the  field  is  much  more  rapid  than 
the  relaxation  time  of  the  ions  (the  time  required  by  the  ions  to  accumulate  enough 
energy  to  make  the  jump),  and  the  ions  do  not  have  ample  time  to  make  the 
transition.  The  losses  contributed  by  the  ions  in  this  case  are  again  very  small 
because  they  essentially  do  not  "see’’  the  field.  When,  however,  the  relaxation  time 
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Figure  3.3.  Potential  energy  barriers  along  the  path  of  a sodium  ion  migration  in  a 
glassy  network  [Kin76]. 
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and  the  field  oscillating  frequency  are  within  the  same  time  frame  (u«l/r),  the 
response  of  the  ions  to  the  electric  field  induces  significant  losses  (refer  to  equations 
2.90  and  2.91  for  a detailed  explanation).  The  relaxation  losses  are  due  to 
orientation  polarization  mechanisms  and  are  given  by 

tan£  = cor/  (1  + o )2r2)  (3-19) 

At  very  high  frequencies,  glass  exhibit  deformation  losses.  As  the  name 
implies,  this  type  of  loss  involves  the  actual  deformation  of  the  network.  Since  the 
glass  forming  structural  groups  are  interconnected,  any  movement  in  the  glass 
network  is  expected  to  be  cooperative  in  nature.  The  deformation  losses  are  due  to 
high  frequency  orientation  polarization  loss  mechanisms,  the  equation  describing 
these  losses  is  approximately  given  by  [Ste52] 

tan<S  « tor  (3.20) 

The  fourth  kind  of  loss  exhibited  by  glasses  is  not  a relaxation  loss,  rather  it 
is  a resonance  loss.  The  atomic  constituent  of  a glass  network  (network  formers, 
network  modifiers  and  oxygen  anions)  are  all  vibrating  around  their  equilibrium 
positions  due  to  thermal  agitations.  Each  atomic  constituent  can  be  regarded  as  a 
harmonic  oscillator  and  its  vibrational  frequency  depends  on  its  mass  and  the 
restoring  elastic  forces  it  is  subjected  to.  Different  atoms  are  therefore  in  different 
vibrational  states.  The  frequency  of  oscillation  is  approximated  by 

to  = (/3/M)1/2  (3.21) 

in  which  p is  a proportionality  constant  relating  the  restoring  forces  to  the  atomic 
displacements,  and  M is  the  mass  of  the  atomic  constituents. 


134 

Debyes  equations  (equations  2.90,  2.91  and  3.19)  assume  that  the  transient 
polarization  is  due  to  a single  relaxation  process  and  a single  relaxation  time. 
However,  this  is  not  in  agreement  with  the  experimental  data  for  most  solid 
materials.  A spread  of  relaxation  times  around  the  most  probable  relaxation  time 
is  observed  empirically.  Even  in  single  crystals  thermal  fluctuations  are  not  identical 
for  all  places  at  all  times.  Thus,  even  in  crystals,  different  ions  have  different 
environments  and  a distribution  of  finite  width  should  be  expected.  In  glasses  on  the 
other  hand,  in  addition  to  thermal  fluctuations,  the  environment  of  ionic  species 
varies  considerably.  This  may  explain  the  broader  relaxation  times  usually  observed 
for  amorphous  materials. 

For  a broad  distribution  in  relaxation  times,  equation  2.90  is  perhaps  best 
expressed  as  [Kin76] 

e = + (e0  - ej  JJ0  G(r)  dr/(l  + c o2r2)  (3.22) 

where  G(r)  is  the  distribution  of  the  relaxation  times. 

Since  the  microwave  frequency  used  in  this  study  is  2450  ± 50  MHz,  the  most 
likely  loss  mechanisms  to  occur  upon  microwave  irradiation  are  the  conduction  losses 
due  to  orientation  polarization  (relaxation  and/or  deformation  losses). 


CHAPTER  4 


EXPERIMENTAL  PROCEDURES 

4.1  Materials  and  Methods 

4.1.1  The  Glass  Matrix 

Surface  modification  of  oxide  glasses  using  microwave  energy  was  performed 
on  several  glass  systems.  A series  of  sodium  aluminosilicate  glasses  and  a Corning 
(code  #0317)  were  investigated  in  this  study.  The  reasons  behind  the  choice  of  these 
glass  compositions  were  given  in  Chapters  1 and  3.  The  sodium  aluminosilicate 
glasses  were  made  from  a mixture  of  silica  (U.S.  Silica),  high  purity  alumina  (AKP-G, 
Sumitomo  Chemical  Co.,  Ltd.)  and  sodium  carbonate  (Fisher  Scientific). 

4.1.2  Glass  Preparation 

The  glasses  were  prepared  by  first  milling,  for  a period  of  24  hours,  high 
purity  silica,  sodium  carbonate  and  high  purity  alumina.  The  powders  were  melted 
at  1550°  C and  subsequently  quenched  and  crushed  to  glass  frits.  This  operation  was 
performed  twice  to  insure  homogeneity  of  these  high  viscosity  glasses.  The  glass  frits 
were  then  melted  inside  an  alumina  crucible  at  1550°  C and  were  held  at  that 
temperature  for  13  hours  after  which  the  furnace  temperature  was  raised  to  1610°  C 
for  an  additional  7 hours.  The  glasses  were  annealed,  depending  on  the  glass 
composition,  between  500°  C and  700°  C for  5 hours,  and  allowed  to  furnace  cool. 
Only  the  glass  well  away  from  the  alumina  crucible  walls  was  used. 
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4.1.2a  Sample  preparation 

The  glass  samples  of  the  sodium  aluminosilicate  glass  series  were  cut  to  1cm 
x 1cm  x 0.5cm.  The  Corning  glasses  were  cut  to  1cm  x 0.6cm  x 0.35cm.  The  cutting 
of  the  different  glasses  was  carried  out  using  a diamond  blade  mounted  on  a Buehler 
Isomet  low  speed  saw.  The  diamond  blade  was  in  contact  with  a water  soluble 
cutting  fluid  (Fisher  Scientific)  during  the  cutting  operations. 

4.1.2b  Substrate  cleaning 

The  glass  samples  were  individually  sonicated  in  an  aqueous  soap  solution  for 
10  minutes,  in  Teflon  containers,  then  sonicated  in  deionized  water  for  10  minutes 
at  room  temperature,  and  finally  sonicated  in  acetone  for  a period  of  15  minutes. 
The  samples  were  then  transported  to  a drying  oven  set  at  90°  C,  left  at  that 
temperature  for  about  30  minutes  and  then  stored  in  a desiccator  until  needed. 
4.1,3  Ion  Exchange  Process 

The  ion  exchange  process  was  performed  on  the  glass  samples  cleaned  as 
described  previously.  The  surface  modification  process  was  carried  out  by  either  one 
of  the  following  techniques:  a)  slurry  ion  exchange  or,  b)  nitrate  salts  ion  exchange 
(see  Figure  4.1).  The  first  method  consisted  of  coating  the  glass  article  with  a 
potassium  gel  referred  to  as  Ceramicoat  (Ceramicoat,  G-C  International  Corp., 
Scottsdale,  A Z 85260).  Once  coated  with  Ceramicoat,  the  samples  were  dried  for 
20  minutes  at  120°  C.  These  samples  were  then  heat  treated  at  different 
temperatures  for  different  times.  The  second  method  involves  dipping  the  glass 
samples  in  nitrate  salts,  and  heat  treating  the  samples  to  desired  temperatures  for 
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Figure  4.1.  The  surface  modification  process:  a)  the  slurry 
exchange  and  b)  nitrate  salt  ion-exchange. 
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various  times  while  in  the  molten  salt  solution.  Potassium  nitrate,  KN03,  and  a 
mixture  of  potassium  nitrate  and  silver  nitrate,  KN03-AgN03,  salts  were  used  in  this 
study.  Both  potassium  and  silver  nitrates  were  obtained  from  Fisher  Scientific. 

The  heat  treatments  were  performed  in  both  conventional  and  microwave 
ovens.  After  ion  exchange,  the  samples  were  cleaned  and  prepared  for 
characterization  and  testing. 

4.1.3a  Substrate  cleaning  after  ion  exchange. 

For  the  glasses  treated  with  the  nitrate  solution,  samples  were  removed  from 
the  salts  and  then  air  cooled.  The  gel-coated  glass  samples  were  removed  from  the 
furnaces,  air  cooled,  and  gently  brushed  to  remove  the  residue  gel.  The  samples 
were  sonicated  in  deionized  water  at  60°  C for  5 minutes  and  then  removed  and 
gently  cleaned  with  cotton  swabs.  The  process  was  repeated  four  times  before 
sonicating  the  samples  in  acetone  for  15  minutes.  The  samples  were  dried  in  the 
manner  as  described  earlier.  Some  of  the  sodium  aluminosilicate  glasses  were 
sonicated  in  ethanol  rather  than  acetone  and  then  dried  at  low  temperatures  for 
longer  times.  The  clean  samples  were  prepared  for  characterization  or  stored  in 
desiccators  until  needed. 

4J,4  Experimental  Setup  for  Heat  Treatments 

The  interdiffusion  reactions  were  performed  in  parallel  in  a microwave  oven 
and  a conventional  box  furnace.  Prior  to  sample  processing,  the  thermocouple  set-up 
that  was  to  be  installed  in  the  microwave  oven  was  tested  in  the  conventional  furnace 
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by  placing  it  in  close  proximity  to  the  furnace  thermocouple  (about  2 mm)  to  verify 
that  the  temperatures  read  by  the  two  thermocouples  were  identical. 

Conventional  heat  treatments  were  carried  out  in  a Lindberg  box  furnace 
(model  # 51894).  The  box  furnace  was  preheated  to  the  desired  temperature  and 
the  samples  were  placed  in  the  furnace  for  controlled  periods.  The  glass  samples  to 
be  surface  modified  were  placed  on  top  of  insulation  bricks  and  elevated  to  close 
proximity  of  the  thermocouple  of  the  furnace  (about  3 mm)  for  more  accurate 
temperature  readings  (see  Figure  4.2).  After  ion  exchanging  for  the  desired  time,  the 
samples  were  taken  from  the  furnace  and  allowed  to  air  cool. 

The  microwave  heat  treatment  was  carried  out  in  a Raytheon  Radarline 
Multimode  Microwave  Oven  Model  QMP  2101A-6  operating  at  2.45GHz  capable  of 
delivering  6.4  KW.  There  are  8 magnetron  tubes  each  capable  of  delivering  800 
watts  and  8 mode  stirrers  that  provide  a more  uniform  electric  field.  Any  number 
of  these  tubes  may  be  used  during  operation.  The  unit  has  a venting  system  to  air 
cool  the  magnetrons.  The  applicator  (cavity)  dimensions  are  32x32x24  in3. 
Microwave  pulsing  capability  is  provided  through  an  electronic  (microprocessor- 
based)  control  system.  The  microwave  energy  is  thus  delivered  to  the  cavity  by  a 
duty  cycle  that  can  vary  from  10%  to  100%  (i.e.  10%  represents  full  magnetron 
power  for  10%  of  the  time  that  the  oven  is  in  operation).  The  microwave  unit  was 
further  modified  in-house  to  monitor  the  temperature  using  thermocouples  and/or 
optical  pyrometers.  Temperature  controllers  in  junction  with  the  thermocouple  and 
optical  pyrometer  also  were  installed  to  provide  a feedback  loop  to  control  the 
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Figure  4.2.  Schematic  of  the  Lindberg  box  furnace. 
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temperature.  The  unit  was  further  modified  to  evacuate  gases  given  off  during 
processing.  This  was  performed  by  connecting  the  cavity  to  an  air  pump  whose 
output  was  directed  to  a fume  hood.  The  processing  inside  the  microwave  cavity  can 
be  carried  out  in  static  air  or  in  a controlled  atmosphere.  A static  air  atmosphere 
was  used  in  all  the  experimental  work  described  in  this  dissertation.  A schematic  of 
the  Raytheon  microwave  oven  is  shown  in  Figure  4.3. 

The  samples  were  placed  in  a SALI  insulating  chamber  lined  with  a 
microwave  susceptor  (SiC)  which,  in  turn,  assisted  in  heating  the  samples.  The  SALI 
insulation  cavity,  purchased  from  Zircar  Products  Inc.,  has  a density  of  2.5  gm/cc  and 
consists  of  80%  alumina  and  20%  Si02.  Changing  the  thickness  of  the  SiC  lining 
allowed  the  samples  to  be  processed  at  similar  temperatures,  but  under  different 
incident  microwave  powers.  This  type  of  heating  is  referred  to  as  microwave  hybrid 
heating  (MHH)  or  dual  heating  since  heat  generation  in  the  samples  will  be  caused 
by  microwave  energy  and  the  radiant  heat  emanating  from  the  microwave  susceptor. 
MHH  previously  has  been  demonstrated  by  De  et  al.  [De  90],  The 
msulating/suscepting  chamber  is  illustrated  in  Figure  4.4.  Temperatures  were 
monitored  using  two  Inconel  shielded,  K-type  thermocouples.  One  thermocouple  was 
positioned  at  the  top  of  the  sample  to  monitor  the  slurry  temperature,  the  other  was 
positioned  at  the  side  of  the  sample  in  close  proximity  to  the  bulk  glass  (1-2  mm). 
Temperature  readings  between  the  two  thermocouples  varied  by  only  ± 5°  C. 
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Figure  4.3.  A schematic  of  the  Raytheon  Radarline  microwave  oven 
(2.45  GHz,  6.4  kW  Max.). 
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Figure  4.4.  A schematic  of  the  microwave  hybrid  heating  setup. 
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4.2  Materials  Characterization  and  Analytical  Techniques 
4.2,1  Contact  Angle 

Contact  angle  measurement  is  a non-destructive  technique  that  provides 
information  about  the  outermost  atomic  layers  of  solids.  The  contact  angle  is  related 
to  solid-vapor  (yj,  solid-liquid  (ysl)  and  liquid-vapor  (ylv)  interfacial  energies 
through  the  Young  equation  [Kin76]: 

cos©  = (yw  - yS|)/ylv  (4.1) 

Contact  angle  measurements  were  performed  by  forming  an  air  bubble  (using  a 
microsyringe)  on  a glass  surface  immersed  in  distilled  water  (see  Figure  4.5).  A 
Rame-Hart  contact  angle  goniometer  was  utilized  to  view  and  measure  the  angle 
formed  by  the  air  bubble  on  the  surface  of  the  glass.  Six  measurements  were  taken 
on  around  the  air  bubble  and  were  averaged.  This  technique  was  used  to  evaluate 
the  surface  energy  of  the  Corning  glass  before  and  after  ion  exchange. 

42.2  Fourier  Transform  Infrared  Spectroscopy  IFTIRl 

Infrared  spectroscopy  is  based  upon  the  interaction  between  the  infrared 
radiation  and  the  vibrations  of  dipole  moments  of  atomic  bonds.  Of  particular 
interest  to  this  study  are  the  vibrations  of  silicon  bonds  (Si-O-Si)  and  non-bridging 
oxygen  bonds  (Si-O-R)  (in  which  R represent  an  alkali  ion,  either  Na+  or  K+  in  this 
study).  The  peak  positions  are  easily  determined  by  FTIR  and  allow  the 
identification  of  the  vibrating  dipoles.  This  technique  was  used  to  derive  the  infrared 
absorption  spectra  of  the  NAS  glass  series. 


145 


GLASS  SLIDE 


SUBSTRATE 
(GLASS  SAMPLE) 

AIR  BUBBLE 
DISTLLED  WATER 


IMMERSION 

CHAMBER 


Figure  4.5.  A schematic  of  the  contact  angle  measurement  apparatus. 
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4.2.3  X-Rav  Diffraction 

Glass  samples,  before  and  after  ion  exchange,  were  analyzed  by  x-ray 
diffraction  to  determine  the  extent  of  crystallinity,  if  any,  in  the  glasses.  The  x-ray 
analysis  was  performed  in  a Phillips  ADP3720  x-ray  diffractometer. 

4.2.4  Pvcnometrv 

A helium  pycnometer  (Quantachrome  Corp.,  Syosset,  NY)  was  used  to 
measure  the  volume  of  the  different  glass  samples.  Bulk  glass  samples 
(approximately  2 gm  each)  of  the  glass  compositions  was  introduced  into  the  He 
pycometer.  Density  was  determined  by  calculating  the  mass  to  volume  ratio. 

4.2.5  Dilatometrv 

Glass  rods  1 cm  in  length  were  cut  and  placed  inside  the  furnace  of  a Theta 
dilatometer.  The  increase  in  length  of  the  different  glass  rods  was  measured  with 
respect  to  a single  crystal  alumina  rod.  The  rods  were  all  heated  at  a rate  of 
10°  C/min  and  the  difference  in  their  lengths  was  measured  with  a differential  sensor. 
Dilatometry  was  used  to  measure  the  glass  transition  temperature  and  softening 
temperature  the  glasses  used  in  this  study. 

4.2.6  Microhardness 

Samples  were  placed  on  the  stage  of  the  Knoop  hardness  tester  and  were 
brought  into  focus  of  the  viewer  objective  (magnification  20X).  The  indenter  was 
engaged  to  penetrate  slowly  into  the  glass  for  a period  of  20  seconds.  The  indenter 
was  then  removed  and  the  impression  diagonal  was  measured  by  the  objective.  A 
load  of  300g  was  selected  to  perform  all  indentation  tests  for  the  microhardness 
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evaluation  of  the  ion  exchanged  glasses.  Twenty  indentations  were  performed  on 

each  sample.  The  indentations  were  further  apart  from  each  other  by  at  least  3 
identation  lengths. 

The  mean  value  of  Knoop  hardness  data  was  calculated  using  the  arithmetic 
method.  The  scattering  of  the  data  was  presented  in  each  graph  by  plotting  the 
standard  deviation  bars.  The  mean  values  for  each  set  of  data  generated  by  a given 
test  condition  was  calculated  by  [Seh86] 


where  x is  the  arithmetic  mean,  n is  the  number  of  data  points  and  x,  is  the  value  of 


The  standard  deviation,  S,  was  calculated  using  the  following  equation 
[Seh86]: 


The  t-test  was  used  as  a method  of  determining  the  significance  of  the  differences 

in  mean  hardness  between  two  sets  of  samples.  The  t values  can  be  calculated  by 
[Jay79] 


(4.2) 


each  i data  point. 


E C xrx) 

i 


(4.3) 


t = 


x-y 


E (*,  - *)2  + E (y  - y) 


(4.4) 


n.  + - 2 


(-  - -) 


where  x is  the  mean  value  of  the  first  set  of  samples,  y is  the  mean  value  of  the 
second  set  of  samples  and  x(  and  yx  are  the  ith  data  points  for  the  first  and  second  set 
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of  samples,  respectively.  The  t distributions  with  (nj  + n,  -2)  degrees  of  freedom  at 
a confidence  level  can  be  written  as  ^(nj  + n2  -2).  Two  different  sets  of  samples 
will  have  different  mean  values  if 

M > + «2  - 2)  (4-5) 

A confidence  level  of  95%  was  selected  for  this  study  to  evaluate  the  differences  in 
mean  hardness  values  between  the  Corning  glass  samples  ion  exchanged  in  the 
microwave  and  those  conventionally  ion  exchanged. 

4,2,7  Electron  Microscopy 

A JEOL  Superprobe  733  electron  microprobe  was  used  to  evaluate  the  depths 
involved  in  the  ion  exchange  reactions.  The  change  of  x-ray  intensity  of  the  alkali 
species  was  found  to  be  related  to  time  and  is  proportional  to  the  electron  beam 
current,  specimen  temperature  and  bulk  composition  of  the  glass  [Cla75],  A 
variation  in  alkali  x-ray  intensity  suggests  a local  compositional  change  in  the  sample 
volume  irradiated  by  the  electron  beam.  The  mobility  of  the  alkali  ions  under  the 
electron  beam  makes  the  measurements  difficult.  In  this  study,  analyses  were 
conducted  using  a scanning  beam  that  swept  a lOQu  m by  1.5m  m area.  Moreover,  in 
order  to  lower  the  rates  of  alkali  x-ray  intensity  change,  Na+  and  K+  were  counted 
during  the  first  20  seconds  of  sample  irradiation  by  the  electron  beam. 

42.8  Secondary  Ion  Mass  Spectroscopy  hSIMSl 

Secondary  ion  mass  spectroscopy  (SIMS)  is  an  excellent  technique  for  surface 
analyses  of  solid  materials.  This  versatile  analytical  tool  has  a high  sensitivity  for 
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chemical  and  isotopic  detection  including  the  lightest  element  of  the  periodic  table. 
Sample  analysis  using  SIMS  is  based  on  two  major  steps  a)  bombardment  of  the 
specimen  surface  (the  outermost  atomic  layers)  by  energetic  primary  ions  (Ar+,  N + , 
Cs  , O 2,„.)  and,  b)  mass  analysis  of  the  ionized  sputtered  particles.  Secondary  ions 
emitted  during  the  bombardment  are  extracted  into  the  mass  spectrometer  based  on 
electric/magnetic  deflection  fields.  Secondary  ions  of  different  kinetic  energies  are 
collected  for  data  processing.  SIMS  was  used  in  this  study  to  determine  the  depth 
of  penetration  of  potassium  ions  into  selected  glass  compositions. 

4,2,9  Dielectric  Analyses 

Dielectric  analyses  of  materials  were  performed  by  R.  Hutcheon  of  the 
Atomic  Energy  of  Canada  Limited  (AECL)  Research  Laboratory,  located  in  Chalk 
River,  Ontario,  Canada.  A high  temperature  dielectric  measurement  system  was 
developed  by  Hutcheon  et  al.,  [Hut92a,  Hut92b].  In  this  system,  the  dielectric 
properties  of  a material  can  be  evaluated  as  a function  of  temperature  and  frequency. 
The  technique  is  based  on  the  cavity  perturbation  principle.  When  a sample,  at  a 
given  temperature,  is  introduced  into  a resonant  cavity,  there  is  a shift  in  frequency 
accompanied  by  a change  in  the  quality  factor,  Q,  of  the  cavity  (refer  to  chapter  2). 
The  measurement  of  the  frequency  shift  along  with  the  change  in  Q allows  one  to 
calculate  the  dielectric  constant  as  well  as  the  dielectric  loss  factor  of  the  specimen. 
These  measurements  may  be  obtained  from  50  to  3000  MHz  and  from  -160°  C to 
1500°  C.  A schematic  of  the  dielectric  analysis  instrument  is  provided  in  Figure  4.6. 
The  general  formalism  of  resonant  cavity  perturbation  theory  predicts  a frequency 
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shift  given  by 

Af/f  + i*  A (1/2Q)  a -{xe/(  1 + ZeFJ}  (VSA/Ve)  (4.6) 

where  xe  is  the  complex  relative  susceptibility,  Fsh  is  a sample  shape  factor,  Vs  is  the 
sample  volume,  Vc  is  the  cavity  volume  and  A is  constant  (related  to  the  cavity  shape 
and  the  unperturbed  fields).  The  assumptions  made  in  order  to  derive  equation  (4.6) 
are  as  follows: 

(1)  the  sample  is  located  in  a region  of  uniform  fields, 

(2)  the  sample  shape  is  an  ellipsoid  of  rotation,  and 

(3)  the  stored  energy  in  the  sample  is  small  compared  to  the  rest  of  the  cavity. 
Calibration  of  this  dielectric  measurement  system  relies  on  measurements  of  known 
materials.  In  the  present  system,  the  samples  and  the  sample  holders  were 
cylindrical.  The  geometric  parameters  in  the  perturbation  expression  were 
experimentally  determined  for  a given  sample  holder  and  sample  shape.  Due  to  its 
low  dielectric  constant  (k'  » 4.3,  k"  < 0.01  at  800°  C and  2.45  GHz),  fused  quartz 
tubing  was  selected  as  a sample  holder.  The  sample  and  the  sample  holder  were 
heated  to  the  desired  temperature  and  then  inserted  into  a well  cooled  resonant 
cavity.  A Hewlett  Packard  8753  network  analyzer,  controlled  with  an  IEEE  488 
interface  and  a XT  personal  computer,  was  used  to  determine  the  change  in 
frequency  and  Q.  The  data  was  collected,  stored  and  analyzed  using  the  resonant 
perturbation  theory.  Accuracy  was  estimated  at±  3%  for  a sample  with  a length-to- 
diameter  ratio  of  3.5  and  tan<5  > 0.001  [Hut92], 
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Figure  4.6.  Schematic  of  the  dielectric  analysis  instrument  [Hut92a]. 


CHAPTER  5 


RESULTS 

5.1  The  NAS  Glass  System 

5.1.1  Physical  Properties 

X-ray  diffraction  analyses  were  performed  before  and  after  ion  exchange  on 
each  of  the  glass  samples  of  the  NAS  glass  series  to  determine  the  crystalline  phases 
present.  Crystallinity  was  not  detected  in  any  of  the  glass  compositions. 

The  softening  points  and  glass  transition  of  the  r = 0.2,  0.5  and  1.0  glass 
compositions  were  evaluated  by  dilatometry.  The  samples  were  mounted  as 
described  in  Chapter  4.  The  glass  rods  were  heated  at  a rate  of  10°C/min. 
Dilatometry  results  are  shown  in  Figure  5.1.  Softening  points  and  Tg,  as  determined 

by  dilatometry,  and  glass  density  as  calculated  from  volumetric  analyses  are 
summarized  in  Table  5.1. 

Microhardness  indentation  was  performed  on  the  NAS  silicate  series. 
The  addition  of  alumina  results  in  a hardness  increase  throughout  the  NAS  glass 
series.  The  microhardness  results  are  summarized  in  Table  5.1. 

Dilatometry,  glass  density,  and  Knoop  hardness  results  reflect  systematic 

changes  in  the  physical  properties  of  the  NAS  glass  series  as  the  structural  factor,  r, 
is  varied. 
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Figure  5.1.  Dilatometry  results. 


Table  5.1.  Glass  Properties. 


Glass 

composition 

Density 

(g/cm3) 

Knoop 

Hardness 

(Kg/mm2) 

Softening 

Point 

CC) 

Glass 

Transition 

CC) 

n 

n 

o 

k) 

2.25 

349 

545 

510 

r =0.5 

2.35 

433 

625 

560 

r = 1.0 

2.40 

465 

>800 

>700 

5.1.2  Dielectric  Analyses 
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One  of  the  objectives  of  the  present  work  was  to  study  the  dielectric 
properties  at  microwave  frequencies  in  a series  of  glasses  whose  composition  was 
systematically  varied.  Dielectric  measurements  were  performed  as  described  in 
Chapter  4.  This  high  temperature  dielectric  measurement  system  allows  for  the 
dielectric  constant  (k' ) and  the  effective  loss  factor  (k")  to  be  measured  as  a 
function  of  temperature  and  frequency.  The  dielectric  measurements  performed  on 
the  different  glass  compositions  were  carried  out  from  room  temperature  to  600°  C 
(in  some  cases  the  temperature  was  increased  to  650°  C).  Data  were  collected  at 
several  microwave  frequencies:  397  MHz,  912  MHz,  1429  MHz,  1948  MHz  and  2467 
MHz.  These  data  were  used  to  calculate  the  loss  tangent,  tan<5  (k"  /k' ),  of  the 
different  glass  compositions.  Glass  samples  of  the  r = 0.2,  0.5,  1.0  and  1.1 

compositions  were  crushed  into  powder  (less  than  a millimeter  in  size)  for  dielectric 
measurements. 

The  relative  dielectric  constants,  k' , expressed  as  a function  of  temperature 
and  frequency  for  each  of  the  sodium  aluminosilicate  glass  compositions  are  shown 
in  Figures  5.2  through  Figures  5.5.  The  dielectric  constants  as  a function  of 
temperature  for  the  different  glass  compositions  (at  2.46  GHz)  are  illustrated  in 
Figure  5.6.  As  can  be  seen  from  the  different  figures,  k'  increases  with  increasing 
temperature  for  each  of  the  glass  compositions.  At  any  temperature,  k'  is  found  to 
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Figure  5.2.  The  relative  dielectric  constant,  k',  of  the  r=0.2  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.3.  The  relative  dielectric  constant,  k',  of  the  r=0.5  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.4.  The  relative  dielectric  constant,  k' , of  the  r = 1.0  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.5.  The  relative  dielectric  constant,  k' , of  the  r = l.l  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.6.  The  relative  dielectric  constant,  k' , as  a function  of  temperature 
for  the  different  glass  compositions  (measurements  at  2.45  GHz).  The  dotted 
lines  indicate  the  linear  increase  of  k'  as  a function  of  temperature  at  2.46 
GHz. 
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decrease  with  increasing  frequency.  The  r = 1.0  glass  composition  has  the  highest 
dielectric  constant  at  any  temperature  or  frequency  when  compared  to  the  other 
glasses  of  the  NAS  glass  system.  The  rate  of  rise  of  k'  with  temperature  is  not 
linear.  However,  this  dispersion  decreases  with  increasing  frequencies,  and  the  rate 
of  rise  of  k'  with  temperature  appears  to  be  more  linear  at  the  highest  measurement 
frequency.  Figure  5.6  shows  that  k'  for  r = 1.0  and  1.1  increases  linearly  in  the 
temperature  range  200“  C - 600“  C at  2.46  GHz  (see  dotted  lines).  For  all  four  glass 
compositions,  the  moisture  adsorbed  at  the  surface  of  the  glass  powder  might  account 
for  the  non-linearity  observed  at  temperatures  below  200“  C.  The  temperature 

coefficients  of  k\  (106/k'  )dk'  /dT  [Top71],  for  the  different  glasses  are  listed  in 
Table  5.2. 

Table  5.2  The  Temperature  Coefficient  of  k'  for  the  Different  Glass  Compositions. 


Glass  Composition 

( 106/k' ) dk'  /dT 
(400°  C in  ppm,  “ C 

r = 1.1 

679.4 

r = 1.0 

791.3 

r = 0.5 

442.7 

r = 0.2 

414.2 

These  coefficients  were  calculated  by  dividing  the  slope  of  the  curve  by  the 
value  of  k'  at  400“  C.  The  value  of  k'  increased  as  Si  was  replaced  by  Al.  The 
increase  of  k'  with  temperature  is  linear  in  the  200-500“  C range,  and  increases  with 
increasing  Al  concentration. 

The  variations  of  the  dielectric  loss  factors,  k",  as  a function  of  temperature 
and  frequency  for  each  of  the  glass  compositions  are  illustrated  in  Figures  5.7 
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through  Figures  5.10.  The  dielectric  loss  factor  as  a function  of  temperature  for  the 
different  glass  compositions  (at  2.46  GHz)  are  illustrated  in  Figure  5.11.  As 
illustrated  in  the  figures,  k"  increases  with  increasing  temperatures  and/or  decreasing 
frequencies.  The  penetration  depth  decreases  (increase  in  MW  absorption)  with 
decreasing  frequencies.  This  is  believed  to  be  due  to  the  high  d.c.  conductivity  losses 
exhibited  in  the  lower  frequency  range  (see  Figures  2.23  and  2.24).  The  contribution 
of  d.c.  conductivity  losses  to  the  overall  losses  will  be  addressed  for  the  Corning  glass 
composition  (see  Figure  5.59).  The  rate  of  rise  of  k"  is  not  linear  and  this  non- 
linearity (dispersion)  increases  with  A1  concentration  and  decreasing  frequencies. 

The  tan<5  values  for  each  of  the  glass  compositions  were  calculated  by 
considering  the  ratio  of  the  dielectric  loss  factor  to  the  dielectric  constant  as 
described  in  Chapter  2 (equation  2.94).  The  variations  of  the  loss  tangent,  as  a 
function  of  temperature  and  frequency,  for  each  of  the  sodium  aluminosilicate  glass 
compositions  are  illustrated  in  Figures  5.12  through  Figures  5.15.  As  illustrated  in 
the  figures,  the  loss  tangent  for  all  glass  compositions  increases  with  increasing 
temperatures  and/or  decreasing  frequencies.  Loss  tangent  data  as  a function  of 
temperature  for  the  different  glass  compositions  (at  2.46  GHz)  are  illustrated  in 
Figure  5.16.  Figure  5.17  illustrates  the  loss  tangent  as  a function  of  glass  composition 
for  different  temperatures.  The  tan<5  increases  to  a maximum  at  r = 1 and  then 
begins  to  decline.  The  frequency  dependence  of  the  loss  tangent  of  the  r = 1.0  glass 
composition  is  illustrated  in  Figure  5.18.  As  shown  in  the  figure,  the  tan<S  decreases 
with  increasing  frequency. 
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Figure  5.7.  The  relative  dielectric  loss  factor,  k",  of  the  r =0.2  glass 
composition  as  a function  of  temperature  for  different  frequencies.  * 


DIELECTRIC  LOSS  FACTOR 


Figure  5.8.  The  relative  dielectric  loss  factor,  k",  of  the  r =0.5  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.9.  The  relative  dielectric  loss  factor,  Id',  of  the  r = 1.0  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.10.  The  relative  dielectric  loss  factor,  k",  of  the  r = 1.1  glass 
composition  as  a function  of  temperature  for  different  frequencies.  * 
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Figure  5.11.  The  relative  dielectric  loss  factor,  k",  as  a function  of 
temperature  for  the  different  glass  compositions  (measurements  at  2.45 
GHz). 


LOSS  TANGENT 


168 


Figure  5.12.  The  loss  tangent,  tan<S,  of  the  r =0.2  glass  composition  as 
a function  of  temperature  for  different  frequencies. 
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Figure  5.13.  The  loss  tangent,  tan<5,  of  the  r =0.5  glass  composition  as 
a function  of  temperature  for  different  frequencies. 
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Figure  5.14.  The  loss  tangent,  tan<5 , of  the  r = 1.0  glass  composition  as 
a function  of  temperature  for  different  frequencies. 
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Figure  5.15.  The  loss  tangent,  tan<5 , of  the  r = 1.1  glass  composition  as 
a function  of  temperature  for  different  frequencies. 
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Figure  5.16.  The  loss  tangent,  tan<5,  as  a function  of  temperature  for 
the  different  glass  compositions  (measurements  at  2.46  GHz). 
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Figure  5.17.  The  variation  of  the  loss  tangent,  tan<5,  as  a function  of 
glass  composition  for  different  temperatures  (measured  at  2.46  GHz). 
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Figure  5.18.  The  variation  of  the  loss  tangent,  tans,  as 
frequency  for  different  temperatures. 
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Once  the  dielectric  parameters  were  evaluated,  depths  of  penetration  of 
microwaves  were  calculated  for  different  working  frequencies.  The  depth  of 
penetration  calculations  were  made  using  equation  2.120.  Variations  in  depth  of 
penetration,  as  a function  of  temperature  and  frequency,  for  each  of  the  sodium 
aluminosilicate  glass  compositions  are  illustrated  in  Figures  5.19  through  Figures  5.22. 
Depths  of  penetration  as  a function  of  temperature  for  the  different  NAS  glasses  are 
illustrated  in  Figure  5.23.  The  depth  of  penetration  calculations  were  made  at  2.46 
GHz  which  is  within  the  frequency  range  used  for  microwave  heating  (2450  ± 50 
MHz).  As  illustrated  by  the  figures,  the  r = 1 glass  composition  has  the  lowest 
penetration  depth  indicating  the  relatively  high  microwave  absorption  exhibited  by 
this  composition. 

The  thermal  treatments  throughout  this  study  were  carried  out  using  the 
MHH  technique  as  described  in  Chapter  4.  The  glass  samples  were  heated  inside 
a cylindrical  SALI  insulation  chamber  whose  walls  were  lined  with  SiC  (refer  to 
Figure  4.3).  The  dielectric  behavior  of  the  SALI  insulation  as  well  as  that  of  SiC 
were  evaluated.  The  loss  tangent  versus  temperature  (200-1380°  C)  for  SALI  is 
illustrated  in  Figure  5.24,  the  corresponding  depth  of  penetration  is  shown  in  Figure 
5.25.  As  illustrated  by  these  results,  the  SALI  insulation  has  penetration  depth  values 
between  250  and  700  cm  in  the  350-500°  C temperature  range.  Therefore,  the 
microwaves  propagate  through  the  SALI  with  little  attenuation.  The  loss  tangent 
versus  temperature  (25-700°  C)  for  SiC  is  illustrated  in  Figure  5.26.  The 
corresponding  depth  of  penetration  is  shown  in  Figure  5.27.  As  illustrated  by  the 
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Figure  5.19.  The  penetration  depth.  Dp,  of  the  r=0.2  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.20.  The  penetration  depth,  Dp,  of  the  r=0.5  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.21.  The  penetration  depth,  Dp,  of  the  r = 1.0  glass 
composition  as  a function  of  temperature  for  different  frequencies. 
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Figure  5.22.  The  penetration  depth,  Dp,  of  the  r = l.l  glass 
composition  as  a function  of  temperature  for  different  frequencies.  ' 


180 


Figure  5.23.  The  variation  of  the  penetration  depth,  Dp,  as  a function 

of  glass  composition  for  different  temperatures  (measured  at  2.46 
GHz). 


Loss  tangent 


181 


Figure  5.24.  The  loss  tangent,  tan<5,  as  a function  of  temperature  for  SAT  I 
insulation  measured  at  2.46  GHz. 
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Figure  5.25.  The  penetration  depth,  Dp,  as  a function  of  temperature 
for  SALI  insulation  measured  at  2.46  GHz. 
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Figure  5.26.  The  loss  tangent,  tan<5,  as  a function  of  temperature  for 
SiC  measured  at  2.46  GHz. 
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Figure  5.27.  The  penetration  depth,  Dp,  as  a function  of  temperature 
for  SiC  measured  at  2.46  GHz. 
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results,  SiC  is  a strong  microwave  (2.46  GHz)  absorber  with  loss  tangent  values 
between  0.2  and  0.38  in  the  350-500°  C temperature  range.  Depths  of  penetration 
at  2.46  GHz  for  this  material  were  between  1 and  2 cm.  The  thickness  of  the  SiC 
lining  is  about  1 mm.  Therefore,  SiC  attenuates  the  microwave  incident  power  by 
about  7%  and  thus  absorbs  only  a small  fraction  of  the  incident  energy  (see 
Appendix  III  for  microwave  absorption  calculations).  Furthermore,  as  illustrated  in 
Figure  4.3,  there  is  no  SiC  is  on  the  top  and  the  bottom  covers  of  the  insulation 
chamber.  The  waves  propagating  along  the  axis  of  the  SALI  insulation  are  only 
slightly  attenuated  and  direct  sample  irradiation  occurs.  Therefore,  the  glass  samples 
heated  inside  the  SiC  lined  SALI  chamber  are  not  shielded  from  microwave  energy 
during  heating.  Microwave  dissipation  calculations  for  each  of  the  materials  of 
interest  in  this  study  are  shown  in  Appendix  III. 

Most  of  the  ion  exchange  reactions  were  carried  out,  as  described  in  Chapter 
4,  by  applying  a slurry  containing  KC  (Ceramicoat)  to  the  glass  surface.  The 
dielectric  behavior  of  the  ion-exchange  slurry  was  evaluated  in  the  temperature  range 
of  interest.  The  relative  dielectric  constant,  the  dielectric  loss  factor,  the  loss  tangent, 
and  depth  of  penetration  versus  temperature  are  illustrated  in  Figures  5.28  through 
Figures  5.31.  As  can  be  seen  from  the  figures,  the  sharp  decrease  of  k'  at  300°  C 
is  accompanied  by  a rise  in  both  the  dielectric  loss  factor  and  the  loss  tangent.  The 
chemical  composition  of  Ceramicoat  is  unfortunately  unknown,  and  the  dielectric  loss 
occurring  at  300°  C is  most  likely  due  to  decomposition  or  burnout  of  organics  in  the 
vehicle  slurry.  The  losses  exhibited  by  Ceramicoat  are  not  significant  in  the  350- 
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Figure  5.28.  The  dielectric  constant,  k' , of  the  ion-exchange  slurry 

(Gelanco)  as  a fuction  of  temperature  measured  at  different 
frequencies. 
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Figure  5.29.  The  dielectric  loss  factor,  k",  of  the  ion-exchange  slurry 
(Gelanco)  as  a fuction  of  temperature  measured  at  different 
frequencies. 
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Figure  5.30.  The  loss  tangent,  tan<S,  of  the  ion-exchange  slurry 
(Gelanco)  as  a fuction  of  temperature  measured  at  different 
frequencies. 


Figure  5.31.  The  penetration  depth,  Dp,  of  the  ion-exchange  slurry 

(Gelanco)  as  a fuction  of  temperature  measured  at  different 
frequencies. 


190 


500°  C temperature  range.  The  values  of  the  loss  tangent  are  smaller  than  0.04, 
corresponding  to  depth  of  penetration  values  between  11  and  14  cm.  The  ion- 

exchange  slurry  does  not  shield  the  glass  samples  from  microwave  energy  during  the 
irradiation  process. 

All  the  ion  exchange  reactions  were  carried  out  in  the  350-500“  C temperature 
range.  The  penetration  depth  for  all  glass  compositions  in  the  temperature  range 
was  between  5 and  20  cm  at  2.45  GHz.  Since  the  sample  dimensions  are  much 

smaller  than  the  penetration  depth  values,  uniform  microwave  irradiation  was 
assumed  for  all  samples. 

5.1.3  Ion  Exchange 

5.1.3a K+  for  Na+  Ion  Exchange 

In  this  process,  the  two  alkali  ions  exchange  position,  with  the  kinetics  of 
interdiffusion  dictated  by  the  less  mobile  ionic  species.  In  this  case,  potassium 
from  a gel  applied  to  the  glass  surface  was  exchanged  for  sodium  in  a sodium 
aluminosilicate  glass.  The  objective  was  to  evaluate  the  effect  of  microwave  hybrid 

heating  (MHH)  on  the  extent  and  rate  of  ion  exchange  as  compared  to  conventional 
processes. 

The  microwave  ion  exchange  reactions  were  carried  out  in  a multimode 
Raytheon  microwave  oven,  as  described  in  Chapter  4 (see  Figure  4.2),  using  the 
MHH  technique.  This  method  was  used  to  achieve  efficient  heating.  While  the 
microwaves  interact  directly  with  the  sample,  the  susceptor-lined  refractory  cavity 
assists  in  heating  the  samples,  and  helps  in  maintaining  their  surface  temperature. 
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The  series  of  sodium  aluminosilicate  glasses  selected  for  this  study  had  a 
constant  concentration  of  alkali  ions  (the  charge  carriers).  As  structural  changes 
accompany  compositional  changes  in  this  system,  the  molar  ratio  of  alumina  (A1203) 

to  a fixed  amount  of  soda  (Na20)  was  varied  to  reflect  ratios  (r)  of  0.2,  0.5,  1.0  and 

1.1. 

The  selected  compositions  in  the  sodium  aluminosilicate  system  were  ion 
exchanged  at  different  temperatures  and  times.  Electron  microprobe  (EMP)  analysis 
was  used  to  determine  the  potassium  depth  profiles  for  both  the  microwave  and 
conventionally  processed  glass  samples.  The  results  of  the  interdiffusion  reactions 
(400  C for  30  min)  for  each  of  the  glass  compositions  are  illustrated  in  Figures  5.32 
through  Figures  5.35.  The  K-ratio  represents  the  ratio  of  the  x-ray  intensity  of  the 
element  of  interest  from  the  material  to  that  of  the  standard.  These  figures  show  a 
comparison  of  the  interdiffusion  reactions  achieved  by  microwave  energy  and  those 
achieved  by  conventional  heating  for  each  of  the  glass  compositions.  Conventional 
and  microwave  (800  watts)  heat  treated  samples  are  contrasted  on  each  graph.  The 

general  trend  was  an  increase  in  potassium  penetration  in  the  different  glass 
compositions  as  r increased 

from  0.2  - 1.0.  When  r was  greater  than  1.0,  interdiffusion  appeared  to  decrease. 

The  variables  P'm  and  P‘c  are  defined  as  the  K+  penetration  depths  of 
microwave  and  conventionally  prepared  samples,  respectively,  and  AP'mc  is  the 
difference  between  these  diffusion  depths  for  the  (i)  compositions.  It  was  found  that 
plm>  plc  and  A P^ m all  reach  a maximum  in  the  r = 1.0  composition. 
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Figure  5.32.  Penetration  depths  (in  p)  of  potassium  into  the  r =0.2 
glass  composition  as  a result  of  Na+«K+  interdiffusion  at  400°  C for  30 
minutes.  K-ratios  are  relative  to  tugtupite  for  sodium  and  biotite  for 
potassium.  There  was  little  discernable  difference  between  the  two  as 
evidenced  from  the  graph  where  both  curves  lie  on  top  of  each  other. 
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Figure  5.33.  Penetration  depths  (in/xm)  of  potassium  into  the  r =0.5 
glass  composition  as  a result  of  Na+«K+  interdiffusion  at  400°  C for  30 
minutes.  K-ratios  are  relative  to  tugtupite  for  sodium  and  biotite  for 
potassium. 
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Figure  5.34.  Penetration  depths  (in  p)  of  potassium  into  the  r = 1.0 
glass  composition  as  a result  of  Na+«K+  interdiffusion  at  400°  C for  30 

minutes.  K-ratios  are  relative  to  tugtupite  for  sodium  and  biotite  for 
potassium. 
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igure  5.35.  Penetration  depths  (in  nm)  of  potassium  into  the  r = 1.1 
glass  composition  as  a result  of  Na+«-K+  interdiffusion  at  400°  C for  30 

minutes.  K-ratios  are  relative  to  tugtupite  for  sodium  and  biotite  for 
potassium. 
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Two  characterization  techniques  were  used  to  verify  the  findings  of  the 
electron  microprobe  analysis.  Figures  5.36  and  5.37  correspond  to  x-ray  mapping  and 
SIMS  depth  profiling  of  the  r = 1.0  composition  for  the  microwave  and  conventionally 
processed  samples.  As  shown,  there  is  a higher  surface  concentration  and  a deeper 
penetration  of  the  K+  into  the  r = 1.0  glass  composition  that  was  heat  treated  in  the 
presence  of  microwave  radiation. 

The  difference  in  conventional  and  microwave  K+  profiles  demonstrates  a 
composition-dependence  of  the  microwave  effect.  The  pronounced  microwave  effect 
for  r = 1.0  corresponds  to  a maximum  dielectric  loss  (among  ratios  tested)  for  the 
sodium  aluminosilicate  glass.  Diffusion  enhancedment  was  not  observed  forr  = 0.2 
which  exhibited  the  lowest  dielectric  loss  among  the  NAS  glasses.  A correlation  can 
be  drawn  between  the  dielectric  losses  of  the  different  compositions  and  their 
corresponding  K+  depths  of  penetration. 

The  interdiffusion  reactions  in  the  r = 1 glass  composition  were  further 
investigated  by  studying  the  effects  of  temperature  and  power  on  the  K+  depths  of 
penetration.  The  samples  were  placed  in  an  insulating  material  lined  with  a 
microwave  susceptor  which,  in  turn,  assisted  in  heating  the  samples  as  previously 
described.  Changing  the  thickness  of  the  lining  allowed  processing  of  the  samples 
at  similar  temperatures  but  under  different  incident  power  levels  (800  and  1600  W). 

Electron  microprobe  analysis  was  used  to  determine  the  extent  of  K+ 
interdiffusion.  A comparison  of  the  microwave  and  conventionally  driven 
interdiffusion  reactions  is  shown  in  Figure  5.37  and  Figure  5.38.  Conventional  and 
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Figure  5.36.  X-ray  mapping  of  potassium  in  the  r = 1.0  composition, 
a)  microwave  processed  sample;  b)  conventionally  processed  sample. 
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Figure  5.37.  SIMS  depth  profiling  on  the  r = 1.0  composition. 


RATIO 


199 


Figure  5.38.  Penetration  depths  (in  nm)  of  potassium  into  the  r = 1.0 
glass  composition  as  a result  of  Na+~K+  interdiffusion  at  450°  C for  30 

minutes  using  800W.  K-ratios  are  relative  to  tugtupite  for  sodium  and 
biotite  for  potassium. 
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Figure  5.39.  Penetration  depths  (in  ,11m)  of  potassium  into  the  r = 1.0 
glass  composition  as  a result  of  Na+++K+  interdiffusion  at  510°  C for  30 
minutes  using  800W.  K-ratios  are  relative  to  tugtupite  for  sodium  and 
biotite  for  potassium. 
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microwave  (800  watts)  heat  treated  samples  are  illustrated  on  each  graph.  The 
samples  microwave  heated  at  450°  C and  510°  C,  show  interdiffusion  enhancement 
when  compared  to  the  conventionally  processed  samples.  Furthermore,  the  samples 
processed  using  1600W  microwave  energy  experienced  significantly  greater  K + 
penetration  depths  than  samples  processed  conventionally  or  using  800W  of 
microwave  energy  (see  Figures  5.40  and  5.41).  The  results  in  Figure  5.41  show  a 
deep  K+  penetration  depth  but  a low  surface  concentration.  The  four  samples 
microwave  processed  at  510°  C under  a 1600W  incident  power  were,  unlike  the  other 
samples,  cleaned  in  pure  ethanol  and  experienced  an  unexplained  surface  attack.  In 

Figure  5.42,  an  SEM  micrograph  of  one  of  the  four  samples  that  has  undergone  a 
surface  attack  is  shown. 

These  results  suggest  that  interdiffusion  reactions  were  enhanced  under  the 
microwave  field  and  were  dependent  on  the  incident  power  levels. 

Microhardness  indentation  tests  were  performed  on  annealed  r = 1.0  glass 
samples.  At  least  10  indentations  were  measured  per  data  point.  The  Knoop 
hardness  versus  load  (Figure  5.43)  revealed  a load  independent  region  of  the  glass. 
A load  of  300g  was  selected  to  perform  all  subsequent  indentation  tests  for  the 
microhardness  evaluation  of  the  ion  exchanged  glasses.  Knoop  hardness  data  on 

annealed  glass,  conventionally  and  microwave  ion  exchanged  glasses  are  shown  in 
Figure  5.44. 

The  glasses  ion  exchanged  in  the  presence  of  a microwave  field  exhibit  harder 
surfaces  than  the  original  annealed  glasses.  However,  microwave  and  conventionally 
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Figure  5.40.  Penetration  depths  (in /urn)  of  potassium  into  the  r = 1.0 
glass  composition  as  a result  of  Na+«K+  interdiffusion  at  450°  C for  30 

minutes  using  1600W.  K-ratios  are  relative  to  tugtupite  for  sodium 
and  biotite  for  potassium. 
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Figure  5.41.  Penetration  depths  (injim)  of  potassium  into  the  r = 1.0 
glass  composition  as  a result  of  Na+++K  + interdiffusion  at  510°  C for  30 
minutes  using  1600W.  K-ratios  are  relative  to  tugtupite  for  sodium 
and  biotite  for  potassium. 
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Figure  5.42.  SEM  micrograph  of  a glass  sample  (r  = 1.0)  that  has 
undergone  surface  attack. 
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Figure  5.43.  Knoop  hardness  versus  load  for  the  r = 1.0  annealed  glass 
composition. 
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Figure  5.44.  Hardness  measurements  for  the  r = 1.0  glass  composition 
subjected  to  different  heat  treatments.  The  ion-exchange  reactions 
were  carried  out  at  450°  C for  30  minutes.  A 300  gram  load  was  used 
tor  the  hardness  measurements. 
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ion  exchanged  glasses  appear  to  be  within  the  same  range  of  hardness,  due  to  the 
large  standard  deviation  in  the  microwaved  samples. 

5J.3.b  Ag*  and  K+  for  Na+  inn  exchange 

In  this  investigation,  the  effect  of  microwave  radiation  on  ion  exchange 
reactions  of  the  ion  pair,  silver  and  potassium,  for  sodium  (Ag+&K+++Na+)  was 
examined.  The  penetration  depths  for  the  Ag+  and  K+  ions  were  determined  by 
EMP.  Ion  exchange  was  carried  out  using  potassium  nitrate  salts  containing  20 
mol%  of  silver  nitrate.  The  glass  samples  were  placed  in  Pyrex  test  tubes  containing 
the  salts  of  interest  and  the  test  tubes  were  heated  using  either  MHH  or  stand-alone 
microwave  heating  (microwave  heating  without  the  SALI/SiC  chamber).  Ion 
exchange  reactions  were  carried  out  isothermally  at  400“  C for  30  minutes  using 
microwave  and  conventional  techniques. 

The  interdiffusion  of  silver  for  potassium  was  performed  on  the  NAS  glass 
series  using  conventional  heating.  Figure  5.45  illustrates  the  results  of  sodium  for 
silver  ion  exchange.  The  penetration  depth  of  the  silver  ions  is  shown  to  increase 
with  increasing  values  of  the  structural  factor  (r ).  This  is  in  agreement  with  the  NAS 
glass  model  which  predicts  decreasing  activation  energy  for  diffusion  as  the  structural 
factor  is  increased  to  higher  values.  The  greatest  penetration  depth  achieved  by 
silver  ions  was  found  to  be  in  the  r = 1 NAS  glass  composition. 

In  order  to  study  the  effects  of  microwave  energy  on  ion  exchange,  several 
interdiffusion  reactions  were  performed  in  the  presence  of  the  microwave  field.  The 
ion  pair  exchange  reactions  (Ag  + &K+«Na  + ) run  on  the  r = 1.0  and  1.1  glass 
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Figure  5.45.  Penetration  depth  of  Ag+  into  the  different  NAS  glasses  as  a 
result  of  ion  pair  interdiffusion  (Ag+  & K+«Na  + ) carried  out  at  400°  C for  30 
minutes.  K-ratios  are  relative  to  pure  silver  metal. 
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compositions  are  shown  in  Figures  5.46  and  5.47.  Note  that  there  were  no  significant 
difference  between  the  samples  processed  conventionally  and  those  processed  by 
microwave  hybrid  heating.  The  absorption  of  microwaves  by  the  salts  and  the  silicon 
carbide  lining  were  believed  to  be  strong  enough  to  shield  the  glass  samples  from  the 
microwaves.  The  dielectric  behavior  of  the  salts  was  then  evaluated  in  the 
temperature  range  of  interest  to  support  such  a claim.  The  dielectric  measurements 
performed  on  salts  are  presented  at  the  end  of  this  section. 

Glass  samples,  r = 0.5  and  1.0,  were  ion  exchanged  directly  without  the  use 
of  a microwave  susceptor.  Furthermore,  the  amount  of  salt  used  to  carry  out  the  ion 
exchange  was  reduced  compared  to  the  previous  experiment.  The  EMP  results  on 
these  samples  show  extensive  penetration  of  the  silver  ions  (Figure  5.48a  and  Figure 
5.49a).  The  silver  ion  has  a smaller  radius,  higher  polarizability  and  greater  mobility 
when  compared  to  the  potassium  ion.  These  factors  may  explain  the  deep 
penetration  depths  achieved.  Even  though  silver  ions  achieved  greater  penetration 
in  the  presence  of  the  microwaves  when  compared  to  conventional  heating,  no 

significant  increase  in  the  penetration  depth  was  apparent  for  potassium  ions  (Figure 
5.48b  and  5.49b). 

If  conventional  thermal  transport  mechanisms  were  solely  responsible  for 
interdiffusion  observed  in  these  systems,  similar  variations  in  the  penetration  depth 
versus  temperature  would  have  been  observed  for  both  Ag+  and  K+.  However,  since 
a significant  increase  in  penetration  depth  versus  temperature  was  noted  only  for  the 
silver  ions,  a microwave  effect  is  believed  to  have  contributed  toward  the  diffusion 
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Figure  5.46.  Penetration  depths  (in/zm)  of  silver  into  the  r = 1.0  glass 
composition  as  a result  of  Na+++K+&Ag+  interdiffusion  carried  out 
using  microwave  hybrid  heating  at  400°  C for  30  minutes.  K-ratios  are 
relative  to  pure  silver  metal. 
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Figure  5.47.  Penetration  depths  (in^um)  of  silver  into  the  r =1.1  glass 
composition  as  a result  of  Na+«K+&Ag+  interdiffusion  carried  out 
using  microwave  hybrid  heating  at  400°  C for  30  minutes.  K-ratios  are 
relative  to  pure  silver  metal. 
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Figure  5.48.  Penetration  depths  (in  /jl  m).  a)  Silver  ions  into  the  r = 1.0 
glass  composition  as  a result  of  Na+~K+&Ag+  interdiffusion  carried 
out  using  microwave  energy  (stand  alone)  at  400°  C for  30  minutes.  K- 
ratios  are  relative  to  pure  silver  metal. 
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Figure  5.48  (continued),  b)  Potassium  penetration  into  the  r = 1.0  glass 
composition  as  a result  of  Na+«K+  and  Ag+  interdiffusion  carried  out  using 
microwave  energy  (stand  alone)  at  400°  C for  30  minutes.  K-ratios  are 
relative  to  biotite  for  potassium. 
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Figure  5.49.  Penetration  depths  (in  Mm).  a)  Silver  ions  into  the  r =0  5 glass 
composition  as  a result  of  Na+~K+&Ag+  interdiffusion  carried  out  using 

microwave  energy  (stand  alone)  at  400“  C for  30  minutes.  K-ratios  are 
relative  to  pure  silver  metal. 
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Figure  5.49  (continued).  Potassium  ion  penetration  into  the  r=0.5  glass 
composition  as  a result  of  Na+«K+  and  Ag+  interdiffusion  carried  out  using 
microwave  energy  (stand  alone)  at  400°  C for  30  minutes.  K-ratios  are 
relative  to  biotite  for  potassium. 
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effects  observed.  In  this  case,  the  Ag+  appears  to  be  more  responsive  to  the 
electromagnetic  field  than  K + . 

5J,4  The  Dielectric  Behavior  of  KNO,  and  AgNO: 

The  melting  points  of  KN03  and  AgN03  are  338“  C and  209“  C,  respectively. 
The  dielectric  measurements  were  performed  by  placing  the  materials  of  interest,  in 
powder  form,  in  a fused  silica  crucible  and  heating  from  room  temperature  to  500“  C. 
As  illustrated  in  Figure  5.50  and  Figure  5.51  there  are  no  measurable  losses  exhibited 
up  to  the  melting  point.  As  the  temperature  reaches  the  solid/liquid  transition,  there 
is  a sharp  increase  in  the  loss  tangent  reflecting  a strong  coupling  to  the  incident 
microwave  energy.  As  illustrated  by  the  results,  the  salts'  microwave  absorption  is 
comparable  to  that  of  SiC  at  400“  C,  and  greater  at  450“  C.  The  penetration  depths 
of  both  the  nitrates  are  illustrated  in  Figures  5.52  and  Figure  5.53.  It  is  therefore 
reasonable  to  assume  that  the  combination  of  these  strong  absorbers  limits  the 
microwave  power  into  the  sample  upon  irradiation  (See  Appendix  III  for  microwave 
energy  dissipation  in  molten  salts). 

5.2  The  Corning  Glass  System 

Among  the  objectives  of  this  study  were:  1)  to  evaluate  the  contribution  of  the 
conduction  loss  mechanism  to  the  overall  measured  dielectric  loss,  2)  To  evaluate  the 
effect  of  conduction  losses  on  the  K+  « Na+  interdiffusion  enhancements  brought 
about  by  microwave  energy,  if  any,  and  3)  to  calculate  the  diffusion  coefficient  of  K+ 
in  the  case  of  microwave  driven  ion-exchange  reactions. 
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Figure  5.50.  The  loss  tangent,  tan<S,  of  KN03  as  a function  of 
temperature  for  different  frequencies. 
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Figure  5.51.  The  loss  tangent,  tan5,  of  AgN03  as  a function  of 
temperature  for  different  frequencies. 
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Figure  5.52.  The  penetration  depth,  Dp,  KN03  as  a function  of 
temperature  for  different  frequencies. 
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Figure  5.53.  The  penetration  depth.  Dp,  AgN03  as  a function  of 
temperature  for  different  frequencies. 
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The  Corning  glass  (code  # 0317)  was  chosen  for  this  study  because  of  its  wide 
use  in  industry  (Some  applications  were  mentioned  in  Chapter  3).  Furthermore,  this 
glass  composition,  as  illustrated  in  Table  5.3,  is  close  to  chemical  composition  of  the 
r = 1.0  glass. 

5.2.1  Physical  Properties 

A summary  of  some  of  the  physical  properties  the  Corning  glass  is  provided 
in  Table  5.4.  The  glass  density  measurements  were  carried  out  using  pycnometry  at 
ambient  temperature. 

5.2.2  Dielectric  Behavior 

Dielectric  measurements  were  performed  as  described  in  Chapter  4.  Unlike 
the  other  NAS  glass  compositions,  the  dielectric  behavior  of  the  Corning  glass  was 
evaluated  over  a broader  range  of  temperatures  (25-1000°  C).  Also,  an  additional 
frequency  (2.986  GHz)  was  investigated.  The  relative  dielectric  loss,  the  dielectric 
loss  factor,  the  loss  tangent,  and  the  depth  of  penetration  versus  temperature  are 
illustrated  in  Figures  5.54  through  5.57.  The  frequency  dependence  of  the  loss 
tangent  of  the  Corning  glass  composition  is  illustrated  in  Figure  5.58.  As  shown  in 
the  figure,  the  tand  decreases  with  increasing  frequency  for  all  the  temperatures 
below  the  annealing  point.  However,  as  the  glass  temperature  increases  above  the 
softening  point,  the  tand  vs  frequency  curve  seems  to  exhibit  two  distinct  loss  peaks. 
This  is  most  likely  due  to  an  additional  structural  relaxation  of  the  glass  that  may 
occur  at  the  softening  point.  No  further  work  has  been  done  to  substantiate  this 
claim.  The  dielectric  behavior  is  similar  to  that  of  the  other  NAS  glass  compositions 
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Table  5.3  The  Corning  Glass  (Code  # 0317)  Composition. 
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Oxides 

WT% 

Si02 

61.41 

Na20 

12.70 

k2o 

3.64 

MgO 

3.67 

CaO 

0.24 

ai2o3 

16.82 

Ti02 

0.77 

Co03 

0.00051 

As203 

0.75 

#0317)5  4 S°me  PhySical  ProPerties  of  the  Corning  Glass  (Code 
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Figure  5.54.  The  relative  dielectric  constant,  k' , 
function  of  temperature  for  different  frequencies. 
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Figure  5.55.  The  dielectric  loss  factor,  k",  of  the  Corning  glass  as  a 
function  of  temperature  for  different  frequencies. 
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Figure  5.56.  The  loss  tangent,  tan<5,  of  the  Corning  glass  as  a function 

of  temperature  for  different  frequencies.  Calculated  from  tanS  = 
1^  • 
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Figure  5.57.  The  penetration  depth,  Dp,  of  the  Corning  glass  as  a 
function  of  temperature  for  different  frequencies. 
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Figure  5.58.  The  variation  of  the  loss  tangent,  tan<S, 
frequency  for  different  temperatures. 
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where,  k',  k",  and  tan5  all  increase  with  increasing  temperatures  and  decreasing 
frequencies.  The  increase  in  the  dielectric  loss  factor  appears  to  be  sharp  past  the 
annealing  point  (597°  C)  of  the  glass.  The  dielectric  loss  as  measured  by  the 
frequency  shift  method  does  not  indicate  the  contribution  of  each  of  the  different  loss 
mechanisms.  As  discussed  in  Chapter  3,  once  the  electrical  conductivity  is  evaluated, 
the  conduction  losses  can  be  calculated  according  to  equation  3.18.  The  conduction 

losses  were  calculated  for  the  Corning  glass,  the  results  of  which  are  presented  in  the 
following  section. 

Resistivity  as  a function  of  temperature  is  illustrated  in  Figure  5.59.  These 
measurements  were  obtained  from  Corning  Inc.  (Advanced  Products  Department, 
Corning,  N.Y.).  The  conduction  losses  were  calculated  at  2.45  GHz  (the  working 
frequency).  The  conduction  independent  losses  were  calculated  by  subtracting  the 
conduction  losses  from  the  measured  losses  using  the  frequency  shift  method.  As 
illustrated  in  Figure  5.60,  the  conduction  losses  are  negligible  below  400°  C and  the 
measured  losses  are  independent  of  conduction  losses.  However,  at  elevated 

temperatures  (above  400°  C)  the  conduction  losses  appear  to  increase  rapidly. 

5.2.3  Ion-Exchange 

The  existence  of  an  interdiffusion  enhancement  brought  about  by  microwave 
energy  was  established  previously  for  the  NAS  glass  system.  Furthermore,  the 
microwave  effect  was  found  to  depend  on  glass  composition,  and  increased  with 
increasing  r values  up  to  r = 1.0.  A correlation  between  the  dielectric  loss  of  the 
glass  matrix  and  the  microwave  interdiffusion  enhancement  was  established.  The 
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Figure  5.59.  The  Corning  glass  resistivity  as  a function  of  temperature. 
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Figure  5.60.  The  measured  losses,  the  calculated  conduction  losses, 

and  the  conduction  independent  losses  as  a function  of  temperature  at 
2.45  GHz. 
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microwave  effect  was  pronounced  for  the  r = 1.0  glass  composition.  This  glass 
composition  has  the  highest  dielectric  loss,  as  measured  by  the  frequency  shift 
method,  and  the  highest  electrical  conductivity,  as  predicted  by  the  NAS  structural 
glass  model  previously  discussed  in  Chapter  3.  However,  no  correlation  was 
established  between  the  dielectric  loss  and  the  electrical  conductivity  of  the  different 

glasses.  It  is  only  natural  to  ask  whether  the  conduction  losses  are  at  the  basis  of  the 
so-called  microwave  effect. 

The  objective  of  this  section  is  to  evaluate  the  effect  of  conduction  losses  on 
the  K+~Na+  interdiffusion  enhancements  brought  about  by  microwave  energy,  if  any. 
The  K «Na  ion-exchange  was  carried  out  by  the  slurry  method  discussed  in  Chapter 
3.  The  Corning  glass  samples  were  heated  using  the  MHH  technique  for  30  minutes. 
The  heat  treatment  temperatures  were  chosen  in  light  of  the  results  illustrated  in 
Figure  5.60.  The  chosen  temperatures  were  400"  C,  a temperature  at  which  no 
conduction  losses  are  exhibited,  and  450"  C,  a temperature  at  which  the  conduction 
losses  are  pronounced.  Electron  microprobe  (EMP)  analysis  was  used  to  determine 
the  potassium  depth  profiles  for  both  the  microwave  and  conventionally  processed 
samples.  Unlike  the  previous  EMP  analysis,  in  which  only  the  potassium  K-ratio  to 
a mineral  standard  was  established,  the  glass  composition  in  weight  percent  was 
calculated  for  the  Corning  glass.  The  results  of  the  interdiffusion  reactions  (450°  C 
for  30  min)  are  illustrated  in  Figure  5.61.  As  illustrated  in  the  figure,  larger  K+ 
diffusion  depth  of  penetration  were  achieved  in  the  glass  samples  ion-exchanged  in 
the  presence  of  a microwave  electric  field.  Furthermore,  the  interdiffusion 
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Figure  5.61.  Concentration  of  K+  as  a function  of  depth  (in urn)  in  the 
Corning  glass  due  to  ion-exchange  at  450°  C for  45  minutes  as  a result 
of  a)  microwave  heating. 
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Figure  5.61  (continued)  b)  conventional  heating. 
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enhancements  occurred  also  at  400  * C,  a temperature  at  which  the  glass  does  not 
exhibit  significant  conduction  losses  in  the  microwave  range.  Therefore,  the 

conduction  losses  may  contribute  to  the  so  called  microwave  effect,  but  they  are  not 
solely  responsible. 

The  K «Na  interdiffusion  coefficients  for  the  microwave  and  conventionally 
processed  samples  were  calculated  according  to  equation  3.16.  The  K+  and  Na  + 
concentration  profiles  were  converted  from  weight  percent  to  mol  percent  prior  to 
calculations.  The  initial  K+  concentration  of  the  as-received  Corning  glass  was  not 
taken  into  account  to  obtain  the  K+  concentration  that  diffused  during  ion  exhange. 
The  interdiffusion  coefficient  of  glasses  ion  exchanged  by  microwave  heating  at 
450’  C was  found  to  be  8.12x10-'°  cmV1.  The  interdiffusion  coefficient  of  glasses  ion 
exchanged  conventionally  at  450’  C was  found  to  be  2.15xlO-10  cars’1.  Thus,  under 
apparently  similar  processing  conditions,  the  interdiffusion  coefficient  of  K+~Na+  in 
the  presence  of  microwave  energy  was  3 to  4 times  greater  than  that  achieved  by 
conventional  heating.  The  interdiffusion  coefficient  of  glasses  ion  exchanged  by 
microwave  heating  at  400’  C was  found  to  be  6.89x10-“  cmV.  The  conventional  ion 
exchange  at  400’  C yielded  diffusion  coefficients  equal  to  3.7x10-“  cmV1.  Thus,  at 
400  C,  the  interdiffusion  coefficient  in  the  microwave  was  approximately  2 times 
greater  than  that  achieved  by  conventional  heating.  The  results  are  summarized  in 


Table  5.5. 
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Table  5.5  The  K+«Na+  Interdiffusion  Coefficients  as  a Result  of  Ion- 
Exchange  in  Microwave  and  Conventional  Ovens. 


Heating 

method 

Microwave 
Heating 
45 CP  C/45min 

Conventional 
Heating 
45(f  C/45min 

Microwave 
Heating 
40(F  C/45min 

Conventional 
Heating 
40 (P  C/45min 

Interdiffusion 
Coefficient 
(cm2  .s'1 ) 

8.12xl(J10 

2.15xl(J10 

6.89X1011 



3.71X1011 

5.2.4  Knoop  Hardness 

Microhardness  indentation  tests  were  performed  on  Corning  glass  samples 
subjected  to  different  chemical  and  heat  treatments.  Approximately  20  indentations 
were  measured  for  each  data  point.  A series  of  samples  were  indented  as  received. 
A second  series  of  samples  were  ion-exchanged  at  400°  C for  30  minutes.  A third 
series  of  samples  were  subjected  to  a thermal  heat  treatment,  in  both  a microwave 
and  conventional  ovens,  (without  ion-exchange)  at  400“  C for  30  minutes.  A fourth 
and  a fifth  series  of  samples  were  similarly  prepared  at  450°  C.  The  results  are 
illustrated  in  Figures  5.62  and  5.63. 

The  microwave  ion-exchanged  samples  exhibit  harder  surfaces  than  the  as 
received  glass  samples.  Therefore,  even  though  the  Corning  glass  couples  efficiently 
with  microwave  energy,  irradiation  at  2.45  GHz  does  not  relax  the  glass  structure. 

The  ion  exchanged  Corning  glass  samples  processed  with  microwave  energy 
(450°  C and/or  400“  C)  exhibit  harder  surfaces  than  those  conventionally  processed 
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HEAT  TREATMENT  (450°C/45  MIN) 

Figure  5.62.  The  Knoop  hardness  of  the  Corning  glass  subjected  to 
different  heat  (450°  C)/chemical  treatments.  The  mean  hardness  was 
calculated  using  equation  4.2.  The  range  of  values  shown  for  each  test 

condition  corresponds  to  the  standard  deviation,  S,  calculated  from 
equation  4.3. 
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at  the  same  temperatures.  The  t-test  with  a 95%  confidence  level  (see  Chapter  4) 
was  used  to  determine  the  significance  of  the  observed  differences  in  the  mean 
hardness  obtained  after  ion  exchanging.  The  t-values  as  calculated  from  equation  4.4 
were  3.16  and  2.964  for  the  samples  ion  exchanged  at  450"  C and  400*  C,  respectively. 
These  values  are  greater  than  the  1.645  value  found  in  literature  that  corresponds  to 
W with  infinite  degrees  of  freedom  (see  Chapter  4). 

-5-2-5 — Contact  Angle  Measurements 

Contact  angle  measurements  were  performed  as  described  in  Chapter  4.  Air 
bubbles  were  deposited  onto  the  different  glass  surfaces  using  a microsyringe.  The 
contact  angle  was  obtained  by  taking  measurements  around  seven  air  bubbles  across 
the  surface.  The  contact  angle  measurements  were  performed  on  a series  of  glasses 
subjected  to  different  heat  or  chemical  treatments.  The  results  are  illustrated  on 
Table  5.6.  The  contact  angle  values  reported  here  have  an  accuracy  of  ±5“  due  to 
experimental  errors.  The  as  received  glass  exhibits  the  lowest  solid  vapor  surface 
energy.  The  Corning  glass  ion-exchanged  in  the  presence  of  microwave  energy 
exhibited  the  lowest  contact  angle  values  reflecting  high  solid/vapor  surface  energies. 
This  is  probably  due  to  the  high  K+  surface  concentrations  achieved  using  microwave 
heating.  The  glasses  heated  by  microwave  energy  and  those  conventionally  processed 
(no  ion-exchange)  exhibit  similar  contact  angle  values. 

5.2.6  FUR  Spectroscopy 

Tbe  NAS  (r  = 1.0)  and  the  Corning  glass  (#0317)  were  analyzed  using  specular 
reflectance  Fourier  transform  infrared  spectroscopy  (FTIRRS).  The  linear  vibrations 
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Tat>le  5.6  Contact  Angle  Measurements  on  As-Received  Glass  and 
Glasses  Subjected  to  Different  Heat/Chemical  Treatments. 


Heat  and/or  Chemical  Treatment 

Measured  Contact  Angle 

As-received  glass 

38.3 

Conventional  Heat 
(450°  C/45min) 

34.6 

Microwave  Heat 
(450°  C/45min) 

34.5 

Conventional  Ion-Exchange 
(450°  C/45min) 

29.18 

Microwave  Ion-Exchange 
(450°  C/45min) 

23.3 

% transmittance 
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Figure  5.64.  FTIR  spectra  of  the  r = 1.0  glass  before  and  after  ion- 
exchange  in  a microwave  field. 
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of  siloxane  bonds  give  rise  to  a peak  centered  at  1050  cm'1.  Non-bridging  oxygens 
bonds  give  rise  to  a peak  at  975  cm'1  [Cla77,  Cla79,  Hus90j.  The  FTIR  spectra  of 
the  r = 1.0  glass  composition,  as  illustrated  in  Figure  5.64,  does  not  show  a peak  at 
975  cm'1  indicating  the  absence  of  non-bridging  oxygens.  There  is  little  difference 
between  the  FTIR  spectra  of  the  glass  before  and  after  ion  exchange.  The  Corning 
glass  has  a rather  complex  composition  as  illustrated  in  Table  5.4,  and  the 
interpretation  of  the  results  is  not  straightforward.  As  illustrated  in  Figure  5.65,  the 
surface  modification,  as  applied  in  this  study,  appear  to  result  in  the  disappearance 
of  a shoulder  peak  positioned  at  1250  cm'1. 


% REFLECTANCE 
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Figure  5.65.  FTIR  spectra  of  the  Corning  glass  before  and  after  ion- 
exchange  in  a microwave  field. 


CHAPTER  6 


DISCUSSION 

Introduction 

The  first  two  sections  of  this  chapter  provide  a detailed  discussion  on  the  NAS 
glass  structure  and  dielectric  behavior  in  light  of  the  results  obtained  in  chapter  5. 
The  interdiffusion  reactions  performed  are  also  summarized,  discussed  and  correlated 
with  the  glass  structure  and  dielectric  behavior.  The  last  section  in  this  chapter 
addresses  the  phenomenon  of  microwave  enhanced  diffusion.  Also  proposed  in  the 
last  section  are  some  possible  mechanisms  that  could  explain  the  microwave 
enhanced  diffusion  effect.  Diffusion  coefficients  were  derived  and  expressed  as  a 
function  of  all  possible  terms  that  control  diffusion.  Since  any  change  in  these 
parameters  would  directly  alter  the  diffusion  coefficient,  a detailed  discussion  on  how 
microwave  radiation  could  alter  the  key  parameters  that  control  diffusion  is  provided. 

The  experimental  evidence  for  microwave  enhanced  diffusion  was  evaluated 
in  Chapter  5.  The  so-called  microwave  effect  was  experimentally  established  in  the 
NAS  glass  system.  One  of  the  key  parameters  in  microwave  processing  is  the 
structure  of  the  material  under  investigation.  Microwave  diffusion  enhancements 
were  demonstrated  for  some  glasses  (r  = 1)  but  not  for  others  (r  = 0.2).  The 
compositional  dependence  of  the  microwave  effect  was  demonstrated  for  the  first 
time.  This  is  perhaps  the  major  contribution  of  this  endeavor  since  it  can  reconcile 
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the  controversy  that  usually  surrounds  the  issue  of  microwave  effects.  The  NAS  glass 
series  investigated  was  varied  in  a specified  manner.  The  dielectric  behavior 
accompanying  the  compositional  changes  was  evaluated  throughout  the  NAS  glass 
series  and  was  found  to  be  strongly  dependent  on  the  glass  composition. 

6.1  The  Structure  of  NAS  Glasses 

The  NAS  glass  series  chosen  for  this  study  contained  a constant  molar 
concentration  of  sodium  oxide  (15  mol%).  The  sodium  ions  are  mobile  inside  the 
glass  structure  "oxygen  medium"  as  described  previously.  The  aluminum  and  silicon 
ions  are  part  of  the  glass  network  and  as  such,  are  not  very  mobile  inside  the  glass 
structure.  The  systematic  replacement  of  silicon  by  aluminum  ions  creates  a glass 
series  in  which  the  structural  environment  of  the  mobile  ionic  species  changes  for 
each  of  the  r ratios.  As  aluminum  ions  are  introduced  into  a sodium  silicate  glass 
(binary  glass),  they  assume  a fourfold  coordination  and  alumina  tetrahedra  are 
formed.  The  negative  charge  associated  with  these  structural  units  is  compensated 
for  by  the  sodium  ions.  The  sodium  ions  act  as  modifiers  that  break  up  the  network 
and  create  nonbridging  oxygens,  or  as  charge  compensators  for  A10‘4  that  maintain 
charge  neutrality.  In  the  latter,  complexes  of  the  type  (Na+Al'04/2)  are  formed.  The 

formation  of  such  a complex  is  energetically  more  favorable  than  the  rupture  of  the 
Si-O-Si  bonds  with  the  formation  of  (Na+Si03/20‘). 

Sodium  ions  associated  with  nonbridging  oxygen  sites  are  more  tightly  bound 
than  those  at  AlO/  sites  [Klo83],  Figure  6.1  shows  simplified  models  of  the 
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Figure  6.1. 
[Dor68]. 


A simplified  schematic  of  the  SiO'  and  the  AlOSi'  groups 
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Si°  and  the  A10Si‘  SrouPs  [Dor68].  In  the  silicate  group  the  charge  is  concentrated 
on  the  nonbridging  oxygen  ion,  while  in  the  aluminosilicate  group  the  effective  charge 
is  spread  over  several  oxygens.  Thus,  the  electrostatic  potential  (or  the  field 
strength)  on  the  sodium  ion  is  larger  near  the  silicate  units.  The  aluminosilicate 
units  have  larger  effective  anionic  radii  when  compared  to  the  silicate  groups  and  the 
bonding  forces  acting  on  alkali  ions  are  of  lesser  magnitudes  [Eis62],  Eisenman 
calculated  an  effective  anionic  radii  of  about  0.9  and  2.0  A for  the  silicate  and 
aluminosilicate  groups,  respectively. 

By  introducing  aluminum  into  a sodium  silicate  glass  network,  nonbridging 

oxygen  atoms  are  consumed  and  are  replaced  by  bridging  oxygen  atoms  (refer  to 

Chapter  3 for  detailed  explanations).  The  fraction  of  nonbridging  oxygen  atoms  is 
[Ono85] 

Wd  = (2XNa  - 2XA1)/(XNa  + 3Xa,  + 2XSi)  (6.1) 

where  XNa,  XA1,  and  XSi  are  the  molar  fraction  of  Na20,  A1203  and  Si02,  respectively. 
Thus,  as  more  aluminum  is  introduced  in  the  binary  glass  network,  the  number  of 
bridging  oxygen  atoms  increases.  Consequently,  the  concentration  of  loosely  bound 
sodium  ions  increases.  Ideally,  when  XNa  = XAI,  all  of  the  oxygen  atoms  are  in 
bridging  positions  (fNBO  = 0),  and  all  of  the  sodium  ions  are  associated  with  A104* 
tetrahedra  and  are  loosely  bound  to  the  network.  Diffusion  and  electrical 
conductivity  of  these  glasses  have  a maximum  when  the  molar  ratio  of  alumina  to 
sodium  oxide  is  equal  to  1 (r  = l).  Furthermore,  the  alumina  tetrahedron  is  larger 
than  the  silica  tetrahedron  and  stretching  of  the  network  occurs  as  alumina  is 
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introduced  in  the  glass.  The  activation  energy  of  diffusion  varies  inversely  as  the 

radius  of  the  shell  of  oxygen  ions  surrounding  the  sodium  ions  [Isa59],  When  the 

oxygen  shells  surrounding  the  sodium  ion  are  of  a relatively  large  size,  the  sodium 

ion  is  less  tightly  bound  to  the  network  and  has  more  rattling  space.  The  size 

(radius)  of  the  oxygen  shells  increases  as  A10'4  tetrahedra  are  introduced  into  the 

glass  network  up  to  the  limit  of  r = l.  This  explains  the  systematic  increase  in 

conductivity  of  the  sodium  aluminosilicate  glasses  as  A1  is  added  to  the  original 
binary  glass. 

At  absolute  zero,  each  atom  in  the  glass  network  is  frozen.  However,  at  any 
higher  temperature,  each  sodium  ion  is  able  to  vibrate  around  its  equilibrium 
position.  When  given  sufficient  thermal  energy,  the  sodium  ion  will  disassociate  with 
its  oxygen  shell  and  move  through  the  network  before  recombining  with  another 
vacated  shell.  The  structural  environment  of  sodium  ions  is  therefore  of  considerable 

importance  to  their  binding  energies  and  to  the  overall  electrical  and  dielectric 
properties  of  the  bulk  glass. 

,6.2  The  Dielectric  Behavior  of  NAS  r.la«« 

The  dielectric  measurements  performed  in  this  study  reflect  a systematic 
dependence  of  dielectric  properties  on  glass  composition.  The  relative  dielectric 
constant  as  a function  of  temperature  and  frequency  for  the  different  glass 
compositions  was  evaluated.  As  previously  discussed,  k'  increases  with  increasing 
temperature  for  each  of  the  glass  compositions.  At  any  temperature,  k'  was  found 

to  decrease  with  increasing  frequency.  Ther  = 1.0  glass  composition  has  the  highest 
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dielectric  constant  at  any  temperature  or  frequency  when  compared  to  the  other 
glasses  in  the  NAS  glass  system.  The  increase  of  k'  as  Si  is  replaced  by  A1  can  be 
attributed  to  the  greater  polarizability  of  the  AlCr,  units  associated  with  Na+  ions 
than  that  of  the  Si03/20\  The  increase  of  e ' as  a function  of  glass  composition  can 
also  be  explained  in  an  alternative  manner.  Mott  and  Gurney  [Mot48]  showed  that 
the  activation  energy,  E,  for  diffusion  or  electrical  conduction  (in  the  case  of 
interstitial  diffusion  mechanisms)  is  given  by  E = (1/2)W  + V,  where  V and  W are 
the  energy  of  formation  of  a Frenkel  defect  and  the  energy  barrier  between  two 
neighboring  interstitial  positions.  Since  glass  has  an  open  structure,  energy  is  not 
required  to  create  defects  for  diffusion  to  proceed.  The  activation  energy  for 
conduction  is  therefore  reduced  to  B»1/2W.  Furthermore,  since  W is  equal  to  the 
electrostatic  energy  by  which  the  positively  charged  alkali  ion  (sodium  ion)  is 
attached  to  a negatively  charged  site  of  the  glass  network,  W can  be  approximated 
by  q2/e  r,  where  e is  the  permittivity  of  the  dielectric  medium  (glass)  (e  = e ' e 0 where 
e°  8-854x10  F/m)  and  r is  the  distance  between  the  effective  charges.  The 
charge,  q,  is  equal  to  e (1.602  xl0'19c)  in  this  case  and  the  activation  energy  becomes, 

E - e /(2er).  This  expression  establishes  the  inverse  proportionality  between  the 
activation  energy  and  the  relative  dielectric  constant  of  the  glass  medium.  Since  the 
r = 1 glass  composition  has  the  lowest  activation  energy  for  diffusion  as  discussed 
previously,  it  should  have  the  largest  dielectric  constant.  This  is  supported  by  the 
dielectric  constant  measurements. 
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The  increase  of  k'  with  temperature,  at  2.45  GHz,  is  linear.  The  slope  of  k' 
versus  temperature  increases  with  A1  content  up  to  the  r = 1 composition  and  then 
decreases  for  r = 1.1.  For  compositions  with  r > 1,  a new  structure  must  have  been 
introduced  as  there  was  a shortage  of  sodium  ions  to  provide  charge  compensation 
for  the  A10-4  and  a shortage  of  oxygen  ions  to  provide  octahedral  coordination  for 
the  A1  ions.  The  present  results  point  out  the  dielectric  constant  change  past  r = 1 
but  provide  little  information  about  the  type  of  structure  occurring  at  r > 1. 

The  variations  in  the  dielectric  loss  factors  as  a function  of  temperature  and 
frequency  for  each  of  the  glass  compositions  were  evaluated.  The  dielectric  loss 
factor,  k",  increases  with  increasing  temperatures  and/or  decreasing  frequencies. 
The  rate  of  rise  of  k"  is  not  linear  and  this  non-linearity  (dispersion)  increases  with 
A1  concentration  and  decreasing  frequencies.  Electrical  conductivity  measurements 
were  not  performed  on  the  NAS  glass  series.  Therefore,  the  measured  losses  can  not 
be  attributed  to  a specific  mechanism  and  the  contribution  of  the  migration  losses 
were  not  calculated.  The  r = 1.0  glass  composition  has  the  highest  dielectric  loss 
factor  at  any  temperature  or  frequency.  Furthermore,  the  dielectric  loss  factor  is 
composition  dependent  and  increases  with  increasing r values  up  tor  = 1.  The  losses 
can  be  attributed  to  the  relaxation  losses,  the  rattling  motions  of  sodium  ions  inside 
the  oxygen  cells.  The  glass  composition  that  provides  Na  ions  with  the  largest  oxygen 
shell  size  and  the  smallest  energy  barrier  opposing  ionic  transitions  is  the  r = 1 
composition  where  the  losses  are  at  a maximum  value. 
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The  tan$  values  for  each  of  the  glass  compositions  were  calculated  by 
considering  the  ratio  of  the  dielectric  loss  factor  to  the  dielectric  constant  (k"  /k' ). 
The  variations  of  the  loss  tangent,  as  a function  of  temperature  and  frequency,  for 
each  of  the  sodium  aluminosilicate  glass  compositions  were  derived.  The  loss  tangent 
as  a function  of  glass  composition  for  different  temperatures  was  also  calculated. 
The  tan<5  behavior  as  a function  of  temperature,  frequency  and  glass  composition  is 

similar  to  that  of  k".  The  tan<5  rises  to  a maximum  at  r = 1 and  then  begins  to 
decline. 

Several  theories  have  been  put  forward  to  account  for  dielectric  losses  of 
glasses  at  microwave  frequencies,  all  of  which  recognize  the  compositional 
dependence  of  the  losses.  Bagdade  [Bag68]  established  that  the  coefficient  of 
absorption  a of  fused  silica  and  of  'soft  glasses'  (see  Chapter  3,  section  3.1)  was 
directly  proportional  to  o>2,  where  o was  the  angular  frequency  of  the  alternating 
signal.  Since  e"  was  proportional  to  (a /a,),  e"  was  therefore  directly  proportional 
to  the  angular  frequency.  The  dielectric  loss  factors  measured  in  this  study  did  not 
show  a rapid  rise  with  frequency.  As  a possible  explanation,  the  dielectric 
measurements  performed  in  this  study  were  carried  out  at  lower  frequencies  than 
those  used  in  Bagdade's  study  (R  band  and  low  frequency  IR). 

Several  reports  of  enhanced  diffusion  during  microwave  processing  are 
reported  in  the  literature.  Janney  and  Kimery  [Jan90]  report  activation  energies  40% 
lower  for  the  tracer  diffusion  of  oxygen  (O18)  in  alumina  processed  at  28GHz. 
Ahmad  and  Clark  [Ahm91]  reported  a diffusion  enhancement  of  zinc  in  single  crystal 
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alumina.  A great  body  of  work  comprises  indirect  evidence  of  diffusion  enhancement 
such  as  observed  enhancements  in  reactions  zones  [Ahm91],  sintering  [De90,  Swa88] 
and  grain  growth  [De91,  Joh88],  However,  many  researchers  report  no  microwave 
processing  benefits  [Moo93,  Boo93],  A thorough  examination  of  these  reports  leads 
one  to  believe  that  different  materials  couple  differently  to  the  microwave  energy. 
The  frequency  of  the  microwave  signal  irradiating  a given  material  is  also  of 
importance.  Different  frequencies  are  expected  to  induce  dielectric  losses  of 
different  nature  and  magnitude.  It  is  only  natural  to  consider  microwave  irradiation 
to  be  case  specific.  Materials  behave  differently  at  different  temperatures, 
frequencies  and  incident  powers.  One  of  the  objectives  of  this  study  was  to 
demonstrate  the  microwave  effect  dependence  on  specific  glass  compositions.  As 
reported  in  this  study,  when  interdiffusion  reactions  were  performed  on  a glass  series 
that  was  processed  under  similar  experimental  conditions,  the  microwave  diffusion 
enhancements  were  pronounced  for  some  compositions  and  not  others.  The 
interdiffusion  studies  performed  on  the  different  glasses  are  discussed  below. 

6.3  The  Interdiffusion  Reactions 

In  this  study,  the  ions  participating  in  exchange  between  the  different  glass 
compositions  and  molten  salts  or  pastes  containing  alkali  were  limited  to  Na\  K+ 
and  Ag+.  The  ion  exchange  of  potassium  for  sodium  was  evaluated  in  several  glass 
specimens.  The  interdiffusion,  or  exchange,  is  caused  by  a concentration  gradient. 
When  heated  to  elevated  temperatures,  the  ions  are  highly  agitated  by  the  thermal 
energy  externally  supplied,  and  the%won  exchange  takes  place  fairly  quickly.  The 
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penetration  depths  achieved  by  the  in-coming  ions  are  intimately  related  to  the 

mterdiffusion  coefficient  of  the  exchanging  ions.  This  process  is  concentration- 

controlled  diffusion,  and  the  penetration  depths  are  proportional  to  the  square  root 
of  time,  (t)1/2. 

6.3.1  Slurry  Ion  Exchange 

63.1a  The  Corning  glass  svsmm 

Similarly,  the  mterdiffusion  of  sodium  for  potassium  was  investigated  in 
Corning  glass  (code  #0317).  The  penetration  depths  of  K+  were  derived  from  EMP 
measurements.  The  EMP  measurements  on  these  glass  samples  were  made  in 
reference  to  mineral  standards  containing  the  elements  of  interest  (Na,  K,  Si,  Mg,  Ti 
and  Al).  The  concentration  in  weight  percent  was  derived  for  both  Na+  and  K + . 
The  concentration  profiles  were  converted  from  weight  percent  to  mol  percent  and 
then  used  to  calculate  the  interdiffusion  coefficients  of  K+  for  Na+  at  400  and  450°  C. 
The  mterdiffusion  coefficients  of  glasses  ion  exchanged  by  microwave  heating  and 
conventionally  at  450=  C were  8.12x10-“  cmV  and  2.15  x 10"0  cmV\  respectively. 
The  mterdiffusion  coefficients  of  glasses  ion  exchanged  by  microwave  heating  and 
conventionally  at  400=  C were  6.89x10-"  cmV1  and  3.7x10'"  cmV\  respectively.  The 
microwave  heated  samples  exhibited  a pronounced  increase  in  K+  depth  of 
penetration  reflecting  higher  diffusion  coefficients.  The  observation  of  more  rapid 
ion  exchange  reaction  during  microwave  heating  of  the  Corning  glass  leads  to 
speculation  that  microwave  processing  results  in  diffusion  enhancement.  Since 
diffusion  enhancements  brought  about  by  microwave  energy  were  observed  at  400=  C, 
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a temperature  at  which  the  Corning  glass  does  not  exhibit  conduction  losses  at  2.46 
GHz,  conduction  loss  may  contribute  to  the  so-called  microwave  effect,  but  is  not 
necessary  for  enhanced  diffusion  to  occur. 

6.3.1b  The  NAS  glass  system 

The  glass  system  selected  for  systematic  study  was  a sodium  aluminosilicate 
glass  whose  composition  was  varied  in  a specified  manner.  The  glass  compositions 
with  r =0.2,  0.5,  1.0  and  1.1  were  ion  exchanged  under  similar  experimental 
conditions  in  both  the  microwave  and  conventional  ovens.  One  of  the  attractive 
features  of  this  glass  system,  for  this  study,  is  that  the  addition  of  alumina  results  in 
a glass  with  a more  open,  exchangeable  structure.  Indeed,  this  system  exhibits  major 
structural  changes  accompanied  with  significant  dielectric  properties  differences  when 
the  ratio  of  alumina  to  alkali  ion  is  taken  as  a variable. 

The  results  for  the  interdiffusion  of  Na+~K+  at  400°  C for  30  min  are  shown 
in  Figures  5.31-5.34.  The  general  trend  is  an  increasing  potassium  penetration  in  the 
different  glass  compositions  as  r increases  from  0.2  to  1.0.  As  r goes  above  1.0,  the 
rate  of  interdiffusion  appears  to  decrease.  As  defined  earlier  P'm  and  P'c  are  the 
respective  penetration  depths  of  microwaved  and  conventionally  prepared  samples, 
and  A P‘m  c is  the  difference  between  these  penetrations  for  the  (i)  compositions. 
After  ion  exchanging  the  different  glass  composition  under  identical  experimental 
conditions  in  both  the  presence  and  absence  of  a microwave  electric  field,  it  is  found 
that  P1™,  P:c  and  A P1^  all  reach  a maximum  in  the  r = 1.0  composition.  The  deeper 
penetration  of  K+  achieved  in  the  presence  of  microwaves  reflect  an  interdiffusion 
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enhancement  of  K+  for  Na+  brought  about  by  microwave  energy.  Thus,  the  existence 


of  a microwave  benefit  is  made  evident  for  the  glass  composition  with  r = 1.  The 
glass  compositions  with  r = 0.5  and  r = 1.1.  also  showed  an  increase  in  potassium 
depth  of  penetration  in  the  presence  of  the  microwve  field.  However,  the  magnitude 


of  the  enhanced  interdiffusion  was  not  as  pronounced  as  the  r = 1.0  composition. 
Interestingly  enough,  the  depth  of  penetration  achieved  by  K+  in  the  glass 
composition  with  r -0.2  is  identical  in  both  microwaved  and  conventionally  heated 
samples.  Thus,  the  diffusion  enhancement  brought  about  by  the  microwave  field  is 
pronounced  for  some  glass  compositions  and  not  for  others.  The  so-called 
microwave  effect  is  therefore  demonstrated  to  be  glass  composition  dependent.  The 
ion  exchange  process  using  microwave  energy  provides  a means  by  which  deeper 

penetration  can  be  achieved  in  certain  glass  compositions  as  compared  to 
conventional  processing. 

It  is  only  natural  to  ask  if  there  is  a correlation  between  the  K+  depth  of 
penetration  and  the  microwave  energy  used  to  cany  out  the  reactions. 

One  of  the  advantages  of  microwave  hybrid  heating  is  the  ability  to  process 
materials  at  different  microwave  power  settings  while  maintaining  the  same 
temperature.  As  discussed  earlier,  changing  the  thickness  of  the  SiC  lining  allows 
sample  processing  at  similar  temperatures  but  under  different  incident  microwave 
powers.  Samples  of  the  glass  composition  with  r = 1 were  processed  at  two  different 
microwave  power  settings,  800W  and  1600W,  while  keeping  the  same  temperature. 
The  results  in  Figures  5.39-5.40  show  the  dependence  of  the  K+  penetration  depths 
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on  the  microwave  incident  power.  A qualitative  correlation  can  be  drawn  between 
the  extent  of  the  ion  exchange  reaction  and  the  incident  power  level;  deeper  K + 
penetration  depths  are  achieved  at  the  higher  microwave  power.  It  was  not  possible 
to  account  for  the  microwave  energy  absorbed  by  the  sample  during  processing  in  the 
multimode  microwave  cavity  and  thus  a quantitative  correlation  between  microwave 
power  and  reactions  kinetics  is  beyond  the  scope  of  this  study. 

63.2  Ion  Exchange  in  Molren  Snltc 

Several  glass  samples  were  treated  isothermally  in  mixed  molten  salt  baths 
(KN03,  80  mol%  KN03  - 20  mol%  AgN03)  in  both  the  presence  and  absence  of  a 
2.45  GHz  microwave  field.  In  almost  all  cases  the  concentration  profiles  of  K+  and 
Ag+  for  microwaved  samples  were  identical  to  those  conventionally  processed.  The 
molten  salts  are  strong  microwave  absorbers  and  shield  the  glass  samples  from 
electromagnetic  radiation  (refer  to  Figures  5.45-5.46  and  Figures  5.49-5.52).  When 
the  amount  of  the  80  mol%  KNO3-20  moI%  AgN03  salt  used  to  carry  out  the  ion 
exchange  was  reduced  in  certain  experiments,  an  increase  in  Ag+  depth  of 
penetration  was  observed  as  illustrated  in  glasses  with  r =0.5  and  1.0.  Even  though 
silver  ions  achieved  greater  penetration  in  the  presence  of  the  microwaves  when 
compared  to  conventional  heating,  no  significant  increase  in  the  penetration  depth 
was  apparent  for  potassium  ions  (Figures  5.4b  and  5.48b).  Thus,  the  Ag+  ions  appear 
to  be  more  responsive  to  the  microwave  field  than  K+.  Since  a significant  increase 
in  penetration  depth  versus  temperature  was  noted  only  for  the  silver  ions,  a 
microwave  heating  mechanism  is  believed  to  have  contributed  toward  the  diffusion 
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effects  observed.  If  the  microwaved  glass  samples  were  simply  at  a higher 
temperature  than  those  heat  treated  in  a conventional  oven,  as  has  been  argued  by 
some  investigators,  similar  variations  in  the  penetration  depth  versus  temperature 
would  have  been  observed  for  both  Ag+  and  K + . However,  this  was  not  the  case. 
6.3.3  Effects  of  Ion  Exchange  on  Hardness 

When  ion  exchange  is  carried  out  below  the  annealing  point  of  the  glass, 
compressive  stresses  build-up  at  the  surface.  Some  investigators  have  argued  that 
these  compressive  stresses  could  relax  upon  microwave  irradiation.  The  stress 
relaxation  may  in  turn  reduce  the  strain  energy  involved  in  diffusion,  which  could 
lead  to  the  observed  interdiffusion  enhancements.  To  test  this  theory,  microhardness 
measurements  were  performed  on  the  glass  samples. 

One  of  the  objectives  of  this  study  was  to  evaluate  the  hardness  of  selected 
glass  composition  before  and  after  ion  exchange.  The  deformation  hardness  of  the 
Corning  glass  an  the  NAS  glass  composition  with  r = 1 was  studied  by  Knoop 
hardness.  This  method  was  chosen  because  it  is  commonly  used  to  measure  the 
indentation  strength  (hardness)  of  glasses.  The  results  are  illustrated  in  Figure  5.60- 
5.61.  Microwave  ion  exchanged  glass  samples  exhibited  an  increase  in  hardness 
compared  to  the  annealed  glasses  of  the  same  compositions.  The  mean  hardness  is 
higher  for  the  microwave  processed  samples  when  compared  to  that  of  conventionally 
ion  exchanged  samples.  Since  the  glass  hardness  increased  as  a result  of  ion 
exchange  in  microwave  heated  samples,  no  structural  relaxation  appears  to  have 
taken  place  upon  irradiation  with  microwaves. 


6A  Proposed  Mechanisms  of  Fnhanced  niffininn 
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The  phenomenon  of  atomic  transport  (diffusion)  is  of  great  interest  to 
material  scientists.  Solid  state  reactions,  ceramics  sintering  (microstructura! 
evolution),  glass  formation,  crystallization,  contamination  are  all  diffusion  controlled 
processes.  It  is  only  natural  to  ask  why  there  appears  to  be  enhanced  diffusion  upon 
microwave  irradiation.  Microwave  enhanced  diffusion  is  a complex  issue  and  the 
following  discussion  is  restricted  to  oxide  glasses  and  some  parts  are  speculative  in 
nature,  and  is  restricted  to  oxide  glasses.  This  discussion  is  made  even  more  complex 

since  it  is  clear  that  the  transport  mechanisms  in  glass  during  conventional  heating 
are  still  under  active  discussion. 

There  are  a number  of  mechanisms,  some  energetically  more  favorable  than 
others,  by  which  an  atom  can  move  from  one  position  to  another  in  a crystalline 
structure.  These  atomic  diffusion  mechanisms  can  be  summarized  as:  a)  exchange, 
b)  ring  rotation,  c)  interstitial  and  d)  vacancy  [Kin76],  Mobility  by  means  of  defect 
motion  mechanisms  (vacancy  and  interstitial)  are  probably  the  dominant  mechanisms 
giving  rise  to  atomic  transport  in  crystalline  structures.  Glasses,  on  the  other  hand 
are  amorphous  and  have  disordered  structures  (see  Chapter  3).  However,  glasses 
exhibit  near-perfect  order  on  a small  scale  (2-10A).  If  the  nearest  neighbors  are 
considered,  and  if  there  is  flexibility  in  defining  vacancies  and  interstitials  in  glasses, 
one  can  visualize  atomic  transport  similar  to  that  which  occurs  in  crystalline 
structures.  Glasses  allow  more  mobility  for  interstitials  than  they  do  for  vacancies 
due  to  their  inherent  open  structures,  and  the  major  role  in  diffusion  is  played  by 


258 

interstitials.  Ionic  diffusion  in  oxide  glasses  does  not  require  structural  flow  and 
diffusion  can  not  be  considered  as  mass  transport  through  a viscous  fluid. 

The  diffusion  coefficient  D (refer  to  equations  3.1  and  3.2)  in  terms  of  a 
random  walk  of  molecules  in  discrete  steps  can  be  given  as  [Dor68] 

D = Sd2avT  (6.2) 

where  g is  a geometrical  constant  (*  1/6)  which  is  related  to  the  number  of 
equivalent  hopping  sites,  d2av  is  the  average  of  the  squares  of  the  steps  lengths  (the 
hopping  distance),  and  T is  the  average  number  of  steps  made  per  unit  time  (the 
jump  frequency).  Furthermore,  T can  be  expressed  as 

T = v exp(  -AGm/kT)  (6.3) 

where  v is  the  vibration  frequency  of  the  ionic  species  and  A Gm  is  the  activation 

energy  of  atomic  motion.  The  activation  energy  for  migration  consists  of  two  terms 
and  can  be  expressed  as  [Ing87] 

AGm  = E„  + E,  (6.4) 

where  E„  is  the  energy  required  to  overcome  electrostatic  forces  (binding  forces)  for 
a given  alkali  (the  energy  required  to  tear  away  a given  ion  from  its  binding  site), 

and  E,  is  the  strain  energy  required  to  open  up  " doorways"  in  the  structure  large 
enough  for  the  ions  to  pass  through. 

At  any  temperature  there  are  a certain  number  of  alkali  ions  that  are  not  in 
the  normal  site,  but  in  an  interstitial  site.  In  a defect  model  of  diffusion,  the  jump 
frequency  T takes  into  account  the  concentration  of  defects,  C,  which  is  expressed  as 

C = A exp(  -A  Gr/2kT)  (6  5) 
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where  A is  a constant  and  A Gf  is  the  energy  required  for  defect  formation  (vacancy- 
mterstitial  pair).  The  diffusion  coefficient  can  therefore  be  expressed  as 

D = A§d2avV  exp(-A  Gm/kT)  exp(-A  Gf/2kT)  (6.6) 

The  activation  energy  can  be  expressed  as  a function  of  enthalpy  (A  H)  and  entropy 
(AS)  and  temperature,  T: 


AGm  = AH-TASn 


(6.7) 


and 


A Gf  - A Hf  - TA  Sf  (6.8) 

where  m and  f refer  to  the  mobility  and  defect  formation.  Equation  6.6  would 
therefore  yield: 

D = Agd2„  y exp(A  Sm/k  ■ A Hm/kT)  exp(A  Sr/2k  - A H,/2kT)  (6.9) 

D = A8d'av  V exp(A  Sm/k  - A Sf/2k)  exp[-(A  Hf/2  + A Hm)/kT]  (6.10) 

D = Do  exp[-(A  Hf/2  A HJ/kT]  (6.11) 

in  which 

Do  = Agd2av  Y exp(A  Sm/k  + A Sf/2k)  (6. 12) 

A change  in  the  diffusion  coefficient  will  be  observed  if  either  of  the  terms  on  the 
right  hand  side  of  the  equation  (6.6)  are  changed.  The  first  term,  Agd2av  v , may  be 
Changed  if  the  number  of  nearest  neighbor  equivalent  hopping  sites,  the  hopping 
d, stance,  d,  or  the  ionic  vibrational  frequency,  v,  are  changed.  The  second  term, 
exp(-A  Gm/kT),  may  change  if  either  term  of  the  energy  barrier  of  migration  is 
altered,  for  example;  1)  the  electrostatic  energy  required  to  move  an  ionic  species 
between  two  sites  and/or  2)  the  elastic  (strain  energy)  energy  required  to  distort  the 


260 

amorphous  lattice  is  changed.  The  third  term,  exp(-A  Gf/2kT),  may  change  if  the 
energy  of  defect  formation  is  changed.  Many  of  these  factors  can  be  responsible  for 
the  difference  in  diffusion  among  different  glass  systems.  The  following  discussion 
addresses  the  possible  alterations  in  the  factors  controlling  diffusion  in  the  light  of 
the  results  obtained  in  this  study. 

Upon  microwave  irradiation,  several  loss  mechanisms  can  operate  which  result 
m electromagnetic  energy  dissipation  in  materials.  These  mechanisms  (refer  to 
Chapter  2,  pages  64-69)  include  electronic  polarization,  atomic  (ionic)  polarization, 
orientation  polarization  (ion  jump  relaxation),  conduction  and  space  charge 
polarization.  The  first  two  loss  mechanisms  are  resonance  losses  and  if  operable 
during  microwave  heating  have  the  potential  of  altering  the  ion  jump  frequency 
[Kat91],  Electronic  polarization  would  alter  the  energy  barrier,  Gn„  to  be  overcome 
by  the  jumping  ion  and  atomic  polarization  would  alter  the  vibrational  frequency,  v 
according  to  equation  6.3  [Ka.91],  Thus,  both  of  these  polarization  mechanisms  have 
the  potential  to  change  the  ion  jump  frequency.  As  illustrated  in  Figure  2.13, 
electronic  (»  10lsHz)  and  atomic  polarization  (» 10l2Hz)  mechanisms  occur  at  higher 
frequencies  than  those  of  microwaves  (#  10’Hz).  Kenkre  [Ken91]  applied  a resonance 
theory  to  show  that  neither  electronic  nor  atomic  polarization  mechanisms  is  possible 
for  any  reasonable  damping  (restoring)  force  since  the  frequency  ranges  at  which 
they  occur  are  orders  of  magnitude  higher  than  that  of  microwaves.  This  is  further 
supported  by  the  fact  .ha,  diffusion  enhancements  brought  about  by  microwave 
energy  are  no,  observed  for  all  materials  (refer  to  Figures  5.31-5.34).  If  microwave 
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energy  was  altering  (increasing)  the  ion  jump  frequency,  a diffusion  enhancement 

should  be  observed  for  most  materials  heat  treated  in  the  microwave.  Thus, 

microwave  heating  most  likely  does  not  affect  diffusion  by  altering  the  jump 
frequency. 

Another  term  that  could  change  diffusion  is  the  hopping  distance  (d).  An 
increase  in  d upon  microwave  irradiation  does  not  appear  possible  for  ctystalline 
materials  since  the  ionic  jumps  are  most  likely  to  occur  in  the  vicinity  of  a defect 
(vacancy).  However  this  is  not  the  case  for  amorphous  materials  and  none  of  the 
existing  models  have  considered  the  alteration  in  jump  distance  as  a possible 
mechanism  by  which  microwave  energy  could  affect  diffusion.  Several  authors 
[Mau41,  Owe63]  derived  the  relationship  existing  between  the  conductivity  and  the 
imposed  electric  field.  In  addition  to  the  fact  that  ionic  jumps  are  favored  in  the 
direction  of  the  electric  field  imposed  on  them,  jump  distances  were  found  to  depend 
on  the  electric  field  strenth;  jump  distances  were  large  and  increased  with  increasing 
temperature.  However,  when  d values  were  corrected  by  using  the  effective  local 
field  (see  equation  2.68),  reasonable  d values  that  were  independent  of  temperature 
were  found.  The  corrected  d values  were  close  to  the  separation  of  interstices 
expected  for  fused  silica  [Dor  62],  At  first,  it  appears  that  if  an  increase  in  d values 
were  to  occur  upon  microwave  irradiation,  enhancement  in  diffusion  would  be 
observed  for  all  amorphous  materials.  However,  one  can  argue  that  alkali  ions  in 
glasses  must  jump  over  a broad  range  of  energy  barriers  with  stable  or  me, as, able 
positions  on  each  side.  The  distribution  of  energy  barriers  is  glass  composition 
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dependent,  and  perhaps  microwave  energy  favors  the  longest  possible  ionic  jumps 

between  different  equilibrium  positions  in  certain  glass  compositions  and  not  for 

others.  The  possibility  of  long  jump  distances  is  not  an  unrealistic  one.  C.J. 

Simmons  and  H.J  Simmons  [Sim79]  studied  the  conductivity  behavior  of  high-silica 

glass  with  low  concentration  of  sodium  ions.  The  authors  observed  a deviation  from 

the  second  term  (electrostatic  energy)  of  the  model  proposed  by  Anderson  and 

Stewart  [And54],  Simmons  et  al.  suggested  that  the  elementary  conduction  motion 

of  the  sodium  ions  consists  of  several  intermediate  nonequilibrium  steps  through  the 

lattice,  and  thus  longer  jump  distances  can  occur.  Perhaps  the  oscillating  microwave 

electric  field  affects  the  basic  motion  of  the  ions,  making  their  passage  easier  through 

the  nonequilibrium  steps.  This  will  be  discussed  further  in  the  last  part  of  section 
6.4.1. 

Another  way  by  which  diffusion  can  be  changed  is  by  altering  the  connectivity 
Of  hopping  sites.  Urnes'  model  [Urn67],  based  on  the  idea  that  diffusion  and 
conduction  migration  processes  are  dissimilar,  postulates  a mechanism  by  which 
alkali  ions  align  under  an  electric  field.  This  model  emphasizes  the  non-uniform 
distribution  of  alkali  ions  within  a given  glass  matrix.  Thus,  when  an  electric  field 
is  imposed,  the  alkali  ions  align  within  a high-alkali  cluster  under  an  electric  field, 
and  the  charge  is  easily  transferred  by  chain  movement  through  the  cluster  and 
interstitial  Na*  in  the  vicinity  of  the  cluster.  A schematic  of  a sodium-silicate  glass 
whose  alkali  ions  align  under  an  imposed  electric  field  is  provided  in  Figure  6.2. 
However,  this  model  was  criticized  on  the  basis  of  Na*  self-diffusion  calculations 
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a)  Illustration  of  a high  alkali  cluster  in  the  surrounding  silica-rich 
High  alkali  cluster  polarized  in  an  electric  field  [Urn67], 


smce  similar  values  of  DNa*  are  obtained  with  or  without  an  electric  field.  Perhaps 
at  low  temperatures  this  alkali  chain-like  migration  could  occur,  but  the  effect  of  the 
applied  field  on  the  potential  barrier  to  be  surmounted  by  alkali  ions  is  much  smaller 
when  compared  with  the  thermal  motion  of  ions  (especially  at  high  temperatures). 
The  work  of  the  electric  force  (on  a given  ion)  brought  about  by  the  microwave 
electric  field  was  calculated  and  compared  to  the  thermal  energy  of  the  ion  at  450-  C 
(see  Appendix  IV  for  calculations). 

Another  way  by  which  the  diffusivity  may  be  altered  is  by  changing  the 
correlation  factor  of  jumps  (equation  3.S)  [KatSlj.  When  a cation  or  anion  with  a 
valence  different  from  that  of  the  host  crystalline  lattice  is  present  as  an  impurity,  a 
vacancy  ts  generally  created  to  satisfy  electrical  charge  neutrality.  The  impurity  ion 
and  the  created  vacancy  can  associate  to  form  an  ion  vacancy  pair.  The  ion  vacancy 
pair  has  a electric  dipole  which  can  couple  to  the  microwave  electric  field.  The 
vacancy  has  a higher  mobility  than  the  ion,  and  is  thought  to  jump  around  the  ion  to 
align  the  dipole  with  the  imposed  microwave  electric  field.  This  dipole  relaxation 
(orientation  polarization)  occurs  in  the  microwave  frequency  range  and  effective 
coupling  can  occur.  Thus,  the  vacancy-impurity  pairs  align  with  the  microwave 
electric  field  and  the  correlation  factor  of  the  diffusivity  is  altered  upon  microwave 
irradiation.  These  vacancy-impurity  pairs  are  not  likely  to  form  in  glasses  and 
changes  in  the  correlation  factor  as  discussed  by  Katz  et  al.  are  not  likely  to  be  the 
origin  of  enhanced  diffusion  in  amorphous  materials  upon  microwave  irradiation. 
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The  exponential  terms  controlling  diffusion  are  the  defect  formation  and 
migration  activation  energies.  Both  the  defect  concentration  and  the  migration 
process  are  strongly  dependent  on  temperature.  It  is  not  clear  whether  microwave 
energy  is  able  bring  about  non-thermal  effects  to  facilitate  the  creation  of  more 
defects  and/or  ease  the  ionic  migration  process. 


The  activation  energy,  A G„  (equation  6.4)  consists  of  two  terms.  Anderson 
and  Stuart  proposed  a model  through  which  A Gm  can  be  shown  to  be  [And54] 

= <3zz0e-/v(r  + r0)  + 4irGrD(r  - rD)2  (6.13) 

where  z„  and  r0  are  the  charge  and  radius  of  the  O2'  ion  respectively,  is  a lattice 
parameter  depending  on  the  distance  between  the  hopping  sites,  r is  the  cation 
radius,  rD  is  the  radius  of  the  doorways  in  the  glass  structure  (which  can  be  estimated 
from  diffusion  data  of  inert  gases),  G is  the  elastic  modulus,  and  y is  a covalency 
parameter  (deformability  of  electron  clouds  around  the  oxygen  atoms).  A decrease 
in  activation  energy  of  migration  would  translate  to  an  increase  in  diffusion. 
According  to  this  model,  any  decrease  in  A Gm  would  be  brought  about  by  a change 
in  one  (or  several)  of  the  parameters  expressed  in  equation  6.13.  Only  two  terms  in 


equation  6.13  lead  to  discussion,  y the  covalency  parameter  and  rD  the  doorway  size 
since  all  other  parameters  are  fixed.  If  the  electronic  cloud  of  oxygen  atoms  is  made 
more  deformable  upon  microwave  irradiation,  y could  increase,  and  result  in  a lower 
activation  energy  of  diffusion.  This  would  be  a non-thermal  effect  brought  about  by 
microwave  energy.  The  second  term  that  could  directly  alter  A Gm  is  a change  in  rD. 


Diffusion  is  a Ihermally  dependent  process  (equation  6.6).  Therefore,  the 
accuracy  of  temperature  measurements  during  diffusion  and/or  interdiffusion  is  of 
primary  importance.  Inside  a microwave  oven,  thermocouples  must  be  dielectrically 
shielded,  thereby  decreasing  their  thermal  sensitivity.  Furthermore,  the 
thermocouples  in  contact  with  the  surface  of  a sample  may  not  accurately  measure 
the  bulk  temperature,  and  one  can  argue  the  existence  of  a thermal  gradient  during 
microwave  processing.  On  the  other  hand  pyrometry  appears  to  be  the  preferred  way 
of  measuring  temperature,  especially  if  the  emitted  light  is  collected  via  a light  pipe 
from  a blackbody  well  drilled  into  the  sample.  Janney  |Jan91a,  Jan91b,  Gre93J 
thoroughly  investigated  the  effectiveness  of  thermocouples  and  pyrometers.  Their 
results  demonstrate  an  excellent  agreement  between  the  two  methods  of  temperature 
measurement.  As  discussed  in  Chapter  4 (Figure  4.4),  temperature  was  monitored 
using  two  Inconel  shielded,  K-type  thermocouples.  One  thermocouple  was  positioned 
at  the  top  of  the  sample  to  monitor  the  gel  temperature,  the  other  was  positioned  at 
the  side  of  the  sample  in  close  proximity  to  the  bulk  glass  (l-2mm).  Temperature 
readings  between  the  two  thermocouples  varied  by  only  ±5"C,  and  excellent  and 
reliable  temperature  measurements  were  performed  throughout  this  study.  It  has 
been  argued  that  the  observed  microwave  diffusion  enhancement  is  due  to  an 
incorrect  temperature  reading  and  that  perhaps  the  temperature  of  the  microwave 
irradiated  samples  was  higher  than  that  indicated  by  the  thermocouple.  However, 
if  the  samples  were  at  a higher  temperature  upon  microwave  irradiation,  greater 
difusion  would  be  observed  since  diffusion  is  strongly  dependent  on  temperature.  If 
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higher  temperatures  were  to  occur  during  the  microwave  irradiation  process, 

diffusion  enhancement  would  have  been  observed  for  all  glass  samples.  However, 
this  was  not  the  case. 

6A1  The  Nonthermal  Microwave  Effect 

The  following  discussion  provides  a possible  mechanism  by  which  microwave 
irradiation  could  lead  to  diffusion  enhancements. 

Booske  [Boos91]  proposed  the  possibility  of  an  athermal  (non-Boltzmann) 
distributions  of  lattice  ion  energies  caused  by  microwave  fields.  Microwave  energy 
was  thought  to  couple  into  low  frequency  elastic  oscillations,  generating  a non- 
thermal phonon  distribution  that  enhances  ion  mobility  and  diffusion  rates.  It  was 
argued  that  the  effect  of  the  microwaves  was  not  to  reduce  the  activation  energy  of 
diffusion,  but  rather  to  render  the  use  of  a "Boltzmann"  thermal  model  inappropriate. 
If  the  applied  microwave  frequency  satisfies  resonance  with  one  or  more  normal 
mode  oscillations,  then  a considerable  amount  of  coherent  oscillatory  motion  would 
be  pumped  into  those  resonant  modes.  Refined  calculations  indicate  this  effect  was 
too  small  to  account  for  the  observed  enhancement  in  diffusion  unless  the  microwave 
field  strength  approaches  the  lattice  field  strength  (*10nV/m),  which  was  not  the 

case.  Most  microwave  experimental  configurations  have  a microwave  field  strength 
< 105  to  106  V/m  [Met88,  Fre93]. 

Booske  et  al.  abandoned  this  model  and  proposed  a quasi-static  polarization 
of  the  lattice  near  a point  defect  as  a possible  mechanism  that  lowers  the  activation 
energy  barrier  for  diffusion  of  that  defect  [Fre93J.  This  model  is  quite  similar  to  that 
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formulated  by  Katz  as  discussed  earlier.  Although  the  two  investigators  considered 
the  same  polarization  mechanisms,  they  drew  different  conclusions.  Katz  predicted 
a change  in  the  pre-exponential  term  in  diffusion  (the  correlation  factor)  and  Booske 
predicted  a decrease  in  the  activation  energy  barrier  filtering  ionic  motions.  The 

quasi-static  polarization  model  was  again  abandoned  because  of  the  field  strength  of 
the  microwave  [Rea93], 

The  non-therraal  model  proposed  by  Booske  dealt  exclusively  with  ionic 
compounds  and  calculations  were  not  performed  on  amorphous  materials.  Thus, 
although  the  non-thermal  model  was  abandoned  for  crystalline  materials,  it  is  not 
clear  whether  it  can  be  applicable  to  glasses. 

Topping  and  Isard  [Top71]  studied  the  dielectric  properties  of  alkali 
aluminosilicate  glasses  in  the  microwave  frequency  range.  The  microwave 
measurements  were  made  at  9.1GHz  (X  band)  and  34  GHz  (Q  band)  (see  Table 
).  Their  study  shows  the  existence  of  a temperature  independent  loss.  The 
authors  thought  that  the  temperature  independent  loss  was  not  due  to  the 
deformation  loss  of  the  glass,  and  was  not  associated  with  non-bridging  oxygens.  It 
was  attributed  to  resonance  of  vibrational  modes  involving  large  atomic  grouping. 
The  temperature  independent  dielectric  loss  was  shown  to  attain  its  maximum  for  the 
glasses  exhibiting  high  network  connectivity  (low  non-bridging  oxygens).  It  is  not 
clear  if  Topping's  findings  can  be  extrapolated  to  the  results  of  the  present 
investigation  since  the  operating  microwave  frequency  (2.45  GHz)  is  lower  than  the 
X and  Q bands.  If  we  assume  that  Topping's  conclusions  can  be  used,  there  should 
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be  an  additional  operating  dielectric  loss  mechanism  whose  effect  increases  with 
decreasing  non-bridging  oxygens  concentration.  The  r = 1 glass  composition  has  the 
minimum  non-bridging  oxygens  concentration  and  the  temperature  independent  loss 
should  have  its  maximum  in  this  glass  matrix.  Since  the  temperature  independent 
peak  is  attributed  to  resonance  coupling  with  vibrational  modes,  a non-thermal  effect 
could  be  introduced  with  microwave  energy.  This  non-thermal  effect  would  increase 
with  decreasing  non-bridging  oxygen  concentration.  The  NAS  glass  series  used  in 
this  study  exhibited  a systematic  compositional  change  (as  discussed  in  Chapter  3). 
The  non-thermal  effect  brought  about  by  microwave  energy  would  therefore  be 
expected  to  be  glass  composition  dependent  and  with  a minimum  at  the  r =0.2  and 
a maximum  for  the  r = 1.0.  The  interdiffusion  enhancement  brought  about  by 
microwave  energy  in  the  present  study  was  pronounced  for  r = 1 (see  Figures  5.34 
and  5.40).  There  appears  to  be  a correlation  between  the  microwave  effect  and  the 
temperature  independent  loss  (the  non-thermal  effect).  However,  no  work  has  been 
done  to  support  or  disprove  this  correlation. 

In  reference  to  equation  6.13,  one  of  the  terms  that  could  change  AGm  is  rD. 
If  microwave  energy  couples  with  vibrational  modes  involving  large  atomic  groupings, 
stretching  of  the  silicate  rings  could  be  visualized  in  which  rD  is  sometimes  made 
larger  and  sometimes  made  smaller.  Thus,  this  temperature  independent  loss  could 
provide  a mechanism  by  which  the  activation  energy  of  diffusion  is  directly  affected. 
Furthermore,  if  microwaves  interact  with  the  vibrational  modes  of  large  atomic 
groupings,  the  distance  between  adjacent  tetrahedra  (or  adjacent  silicate  cages)  could 
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be  altered  upon  microwave  irradiation.  This  mechanism  is  not  unreasonable  and,  if 

operative,  could  lead  to  smaller  jump  distances  at  times  and  longer  ones  at  others. 

The  diffusion  coefficient  (as  illustrated  in  equation  6.2)  is  directly  related  to  the 

jumping  distance,  d.  Any  change  on  the  average  of  the  step  lengths  would  directly 
alter  the  overall  diffusion. 

.6.4.2  The  Localized  Ionic  Temperature  Increase  Mechanism 

A second  mechanism  by  which  diffusion  enhancements  are  obained  upon 

microwave  irradiation  is  proposed  in  the  following  section.  This  mechanism  deals 

with  the  possible  increase  in  the  local  temperature  of  some  of  the  alkali  ions  residing 
inside  the  glass. 

Conduction  losses  were  calculated  at  2.45  GHz  for  the  Corning  glass,  the 
results  of  which  are  illustrated  in  Figure  5.60.  The  conduction  losses  were  found  to 
be  negligible  at  400-  C and  the  measured  losses  were  independent  of  conduction 
losses.  The  Corning  glass  exhibited  an  interdiffusion  increase  at  400°  C (see  Table 
5.5)  and  the  microwave  effect  was  thus  demonstrated  to  be  independent  of 
conduction  losses.  The  following  discussion  focuses  on  the  possible  contribution  of 
the  relaxation  losses  (see  Chapter  3)  to  the  microwave  effect. 

When  an  electric  field  is  applied  to  a glass  specimen  containing  alkali  ions, 
the  energy  barrier  is  distorted  favoring  the  passage  of  ions  in  the  direction  of  the 
field.  In  the  case  of  alternating  fields,  the  ionic  passage  over  the  energy  barrier  (or 
barriers  as  is  the  case  with  glasses)  is  favored  in  one  half  of  the  cycle  in  one 
direction,  and  favored  in  the  opposite  direction  in  the  other  half  of  the  cycle. 
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Therefore,  the  ions,  provided  they  have  sufficient  energy  to  make  the  jump  over  the 
energy  barrier,  will  jump  back  and  forth  as  the  electric  field  changes  direction.  The 
ions  gain  energy  from  the  electric  field  and  transmit  some  of  it  upon  collision,  in  the 
form  of  heat  (losses),  to  the  glass  network.  When  the  frequency  of  the  electric  field 
is  too  low  or  too  large  compared  to  the  natural  jump  frequency  (1/r  where  r is  the 
relaxation  time  of  the  ions)  of  the  ions,  the  lattice  absorbs  little  energy.  However, 
when  the  frequency  of  the  oscillating  electric  field  is  within  the  same  range  as  1/r , 
an  effective  energy  transfer  (in  the  form  of  heat)  can  occur.  The  thermal  energy  of 
ions  right  after  jumping  and  colliding  with  the  glass  lattice  is  high  and  their  local 
temperature  is  increased  for  a short  period  of  time  before  heat  is  conducted  away  by 
the  lattice.  If  the  local  temperature  of  the  ions  is  increased,  the  ion's  jump  out  of  the 
energy  wells  would  be  made  easier.  If  the  population  of  alkali  ions  (whose  local 
temperature  are  high)  is  small  enough  so  as  to  leave  the  bulk  temperature  of  the 
glass  relatively  unchanged,  and  high  enough  so  as  to  make  a substantial  increase  in 
diffusion,  a mechanism  by  which  the  microwave  effect  can  occur  is  thus  provided. 

The  sodium  ions  associated  with  nonbridging  oxygens  sites  are  more  tightly 
bound  than  those  at  A104’  sites  (see  Figure  6.1).  As  more  A1  is  added  to  the  glass, 
more  A104  sites  are  provided  and  the  concentration  of  loosely  bound  sodium  ions 
increases  (refer  to  detailed  explanation  provided  at  the  beginning  of  this  chapter). 
The  structural  environment  of  the  alkali  ions  is  thus  varied  as  A1  replaces  Si.  D.  A. 
Mckeown  [Mck87]  studied  the  changes  in  the  physical  properties  of  albite  glasses 
(NaAlSi308)  as  Si  is  replaced  by  A1  ions.  The  author  provided  simple  hypothetical 
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glass  structures  from  simulations  and  experimental  results  (see  Figure  6.3).  As 
illustrated  in  the  figure,  in  addition  to  the  lower  bond  strengths  provided  at  the  AI04' 
sites,  the  sodium  ions  are  provided  with  larger  silicate  cages  in  which  they  can  rattle. 

Macdowell  [Mac84]  studied  the  microwave  heating  of  nephline  glass-ceramics. 
The  high  temperature  achieved  in  these  materials  upon  microwave  irradiation  was 
explained  based  on  the  ability  of  the  sodium  ions,  in  the  larger  nepheline  lattice 
positions,  to  couple  with  the  microwave  field.  The  high  susceptibility  (microwave 
energy  absorption)  of  pure  sodium  nephline  was  ascribed  to  a "loose  fit"  for  sodium 
ions  in  an  interstitial  site  designed  for  the  larger  potassium  ions.  The  author  also 
examined  the  microwave  heating  characteristics  of  the  nephline  glass-ceramics 
containing  potassium  and  calcium  substitutions  for  sodium.  Interestingly  enough, 
drastic  reduction  in  microwave  energy  absorption  was  recorded  for  both  synthetic  and 
natural  nephlines  due  to  the  larger  size  and  the  limited  rattling  of  potassium  ions. 

It  seems  reasonable  that  the  Na  ions  that  are  loosely  fitting  in  their  oxygens 
cages  will  have  more  rattling  space  and  would  rattle  more  violently  than  those  in 
smaller  cages.  As  Si  is  replaced  by  Al,  more  Na  ions  are  loosely  fitted  in  the  glass 
structure.  Asr  increases,  the  polymerization  of  the  glass  network  increases  and  large 
atomic  grouping  are  interconnected.  The  cross-linking  of  the  network  would  result 
in  a distribution  of  rings  and  oxygen  shell  (cage)  sizes.  The  alkali  ions  residing  in 
such  glasses  would  sometimes  be  contained  in  small  oxygen  shells  (limited  rattling) 
and  sometimes  in  large  oxygen  shells.  The  latter,  loosely  fitted  ions,  would  rattle 
more  violently  in  response  to  the  microwave  field.  The  dipole  between  the  cation 
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Figure  67k  An  illustration  of  the  albite  glass  structure  as  Al/Na  is 
varied.  The  large  spheres  are  Na\  the  small  spheres  are  tetrahedral 
oxygens.  Triangles  with  a central  oxygens  are  tetrahedra  pointing  up- 
nangles  with  no  central  oxygens  are  tetrahedra  pointing  down.  Black 
polyhedra  contain  Al,  all  others  contain  Si.  Relative  ionic  sizes  are  not 
drawn  to  scale.  Adapted  from  [Mck87], 
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and  the  coordinating  anion  cage  would  continuously  rattle  in  an  effort  to  maintain 
its  alignment  with  that  of  the  oscillating  electric  field,  leading  to  strong  microwave 
absorption.  This  localized  rattling  could  lead  to  a localized  increase  in  the 
temperature  of  the  ions  while  the  bulk  temperature  of  the  glass  remained  relatively 
unchanged.  If  a small  number  of  these  large  oxygen  cages  reside  within  the  glass 
structure,  only  a small  number  of  Na  ions  would  experience  a local  temperature 
increase  upon  microwave  irradiation.  In  other  words,  it  is  possible  that  a small 
fraction  of  the  Na  ions  residing  in  the  glass  structure  experience  a local  increase  in 
temperature  and  lead  to  substantial  increases  in  diffusion  while  the  glass  matrix  is 
still  at  the  same  thermal  state. 

6A3  The  Hybrid  (Thermal /NonthermaH  Micrownye  Effect 

The  last  mechanism  by  which  microwave  enhanced  diffusion  can  occur  is  a 
combination  of  the  two  previously  discussed  mechanisms.  Here,  large  groupings  of 
atoms  couple  with  microwave  energy  leading  to  a lowering  of  the  activation  energy 

of  migration  and  a change  in  dav,  and  at  the  same  time,  the  local  temperature  of 
some  of  alkali  ions  increases. 

More  work  needs  to  be  done  in  order  to  understand  fully  how  microwave 
radiation  affects  interdiffusion  in  particular  and  diffusion  in  general.  It  is  possible 
that  microwaves  couple  to  certain  alkali  diffusion  mechanisms  and  lead  to  the 
observed  diffusion  enhancements.  Although  this  investigation  provides  the 
experimental  evidence  of  the  microwave  effect,  it  does  not  provide  information  about 
the  diffusions  mechanisms  of  the  alkali  ions  (Na  in  this  case)  upon  microwave 


275 

irradiation.  As  was  illustrated  in  Figure  5.34,  5.38  and  5.39,  the  penetration  depths 
(in  pm)  of  potassium  into  the  r = 1.0  glass  composition  as  a result  of  Na*  - K* 
tnterdiffusion  is  enhanced  in  the  presence  of  microwave  irradiation.  However  A P1 

’ m,c 

(as  was  defined  in  section  5.1.3a)  does  not  increase  with  increasing  temperatures. 
Indeed,  AP1^  achieved  at  450  and  510“  C are  comparable.  Furthermore  AP1 

’ m,c 

achieved  at  400“  C is  greater  than  those  achieved  at  the  higher  temperatures. 

The  measure  tan<5  values  of  the  r = 1.0  glass  composition  increase  with 
increasing  temperatures  as  was  illustrated  in  Figure  5.14.  Thus,  the  microwave 
absorption  increases  with  increasing  temperatures.  Since  the  loss  peak  of  the  glass 
would  shift  to  higher  frequencies  (toward  the  microwave  range)  as  the  glass 
temperature  increases,  the  alkali  relaxational  mechanisms  couple  more  efficiently 
with  microwaves  at  the  higher  temperature  range.  Although  the  microwave 
absorption  increases  with  increasing  temperatures,  A P‘m  c does  not.  If  the  microwave 
effect  was  directly  related  to  the  alkali  relaxational  losses,  an  increase  in  AP1 

m,c 

should  have  been  obseiwed,  but  this  was  not  the  case. 

In  addition  to  the  proposed  possible  mechanisms  that  could  explain  the 
microwave  enhanced  diffusion  effect,  the  results  of  this  work  suggest  that  microwaves 
couple  to  some  diffusional  processes  of  the  alkali  inside  the  host  glass  matrix.  More 
work  needs  to  be  done  to  substantiate  the  proposed  mechanisms  and  to  establish  the 
alkali  movements  inside  a glass  matrix  upon  microwave  irradiation. 


CHAPTER  7 


SUMMARY  AND  CONCLUSIONS 
Introduction 

The  present  study  was  undertaken  to  investigate  the  dielectric  properties  of 
glasses  in  the  microwave  frequency  range  and  to  better  understand  the  previously 
observed  phenomenon  of  increased  ionic  diffusion  in  a microwave  field.  Glasses 
were  of  special  interest  in  this  study  because  the  absence  of  interfaces  and  grain 

boundaries  limited  the  diffusion  mechanisms  to  volume  diffusion  and  thus  facilitated 
discussion  of  the  results. 

The  feasibility  of  using  microwave  energy  at  2.45GHz  to  surface  modify 
glasses  by  ion  exchange  was  demonstrated.  The  interdiffusion  reactions  were  carried 
out  in  both  the  conventional  furnace  and  the  microwave  oven.  Microwave  energy 
was  used  in  this  study  to  investigate  any  effects  brought  about  by  the  electromagnetic 
radiation  at  2.45GHz  on  the  diffusion  controlled  reactions.  Glass  samples  were  ion 
exchanged  by  immersion  in  molten  salts  or  by  coating  their  surfaces  with  a slurry 
containing  alkali  ions  (K*  and  in  some  cases  K*  and  Ag*).  The  glasses  investigated 
in  this  study  showed  rather  interesting  results.  The  glass  samples  were  examined  in 
cross-section  on  one  of  the  polished  edges  for  the  thickness  (depth)  of  the 
interdiffusion  reaction  layer.  Most  of  the  samples  heated  by  microwaves  displayed 
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larger  interdiffusion  thicknesses  as  compared  to  the  conventionally  heated  samples. 
The  major  results  from  this  research  are  summarized  in  the  following  sections. 

7.1  The  NAS  Glass  Series 

The  glass  system  selected  for  this  study  was  a sodium  aluminosilicate  glass 

where  the  Al/Na  ratio  (r)  was  systematically  varied  while  maintaining  a constant 

Na20  content.  Interdiffusion  reactions  were  performed  on  the  glass  composition  with 
r =0.2,  0.5,  1.0  and  1.1. 

♦ The  dielectric  constant,  k',  increases  with  increasing  temperature  and/or 
decreasing  frequency  for  each  glass. 

♦ The  r - 1.0  glass  has  the  highest  dielectric  constant  at  any  temperature  or 
frequency  when  compared  to  the  other  glasses  of  the  NAS  glass  system. 

♦ The  increase  of  k'  as  Si  is  replaced  by  A1  can  be  attributed  to  the  greater 
polarizability  of  the  A104  units  associated  with  Na+  ions  than  that  of  Si0,,,0\ 

♦ The  increase  of  k'  with  temperature  is  linear  and  is  dependent  on 
temperature  and  A1  content  up  to  the  r = 1 glass  composition. 

♦ The  dielectric  constant,  k' , decreased  as  r was  increased  from  1.0  to  1.1 

indicating  new  structural  arrangements  in  the  NAS  glasses  beyond  the  r = 1.0 
composition. 

♦ The  dielectric  loss  factor,  k",  increases  with  increasing  temperatures  and/or 
decreasing  frequencies  for  each  of  the  NAS  glasses. 

♦ The  rate  of  rise  of  k"  as  a function  of  temperature  is  not  linear  and  this 
non-linearity  (dispersion)  increases  with  A1  concentration  and  decreasing  frequencies. 
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♦ The  dielectric  loss  factor  is  composition  dependent  and  increases  with 
increasing  r values  up  tor-1.  The  r = 1.0  glass  has  the  highest  dielectric  loss 
factor  at  any  temperature  or  frequency  when  compared  with  the  other  glasses. 

♦ The  tans  behavior  as  a function  of  temperature,  frequency  and  glass 

composition  is  similar  to  that  of  k".  The  tans  rises  to  a maximum  atr  - 1 and  then 
begins  to  decline. 

♦ For  each  of  the  glasses,  the  microwaves  depth  of  penetration  decreases  with 
decreasing  frequency  and  increasing  temperature. 

♦ The  microwave  penetration  depths  for  all  glasses,  in  the  temperature  range 

350-  C - 550-  C,  for  a frequency  range  of  2.45GHz,  were  between  5 and  20 
centimeters. 

♦ The  r - 1 glass  composition  had  the  lowest  microwave  penetration  depth 
when  compared  to  the  other  glass  composition. 

♦ In  general,  when  ion  exchange  is  performed  in  molten  salts,  no 
interdiffusion  enhancement  is  observed  for  the  microwave  heated  samples  when 
compared  to  those  conventionally  processed.  Interdiffusion  reactions  of  potassium 
for  sodium  using  molten  potassium  nitrate  (KN03)  salts  performed  in  the  microwave 
oven  at  400°  C for  30  minutes  resulted  in  similar  potassium  depth  of  penetration 
when  compared  to  those  performed  in  a conventional  oven. 

♦ The  dielectric  behavior  of  the  salts  was  evaluated  over  a broad  range  of 
temperatures  (22-500°  C).  The  salts  (KN03  and  AgN03)  are  strong  microwave 
absorbers.  The  molten  salt  baths,  in  large  quantities,  are  beleived  to  shield  the  glass 
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samples  from  the  microwave  energy,  and  the  microwave  effect  can  be  masked.  This 
accounts  for  the  results  summarized  in  the  previous  paragraph. 

♦ Ion  exchange  using  a slurry  technique  resulted  in  noticeable  difference  in 
the  potassium  penetration  between  the  microwave  heated  and  conventionally 
processed  samples.  The  increase  in  potassium  depth  of  penetration  was  attributed 
to  an  increase  in  diffusion  brought  about  by  the  microwave  electric  field. 

♦ The  mterdiffusion  enhancement  brought  about  by  the  microwave  electric 
field  is  dependent  on  the  composition  of  the  glass.  Under  identical  experimental 
conditions,  the  difference  between  the  potassium  depth  of  penetration  achieved  in 
the  presence  of  a microwave  field  and  that  achieved  in  a conventional  oven,  APMC, 
was  the  largest  for  the  glass  with  F = l.  The  depth  of  penetration  achieved  by 
potassium  in  the  glass  with  r=0.2  was  identical  in  both  microwaved  and 
conventionally  heated  samples.  The  glasses  with  r=0.5  and  r = l.l  showed  an 
increase  m potassium  depth  of  penetration  in  the  presence  of  a microwave  field. 

♦ The  dependence  of  K+  depth  of  penetration  on  the  microwave  incident 
power  was  demonstrated.  A qualitative  correlation  can  be  drawn  between  the  extent 
of  the  ion  exchange  reaction  and  the  incident  power  level.  Deeper  K+  penetration 
depths  were  achieved  under  higher  incident  microwave  powers  when  other  variables, 
including  temperature,  were  held  constant. 

♦ The  ion  pair  exchange  of  K*  and  Ag*  for  Na*  was  performed  in  a 80  mol% 
KNO,  - 20  mol%  AgN03  molten  salt.  Under  special  conditions  (reduced  amounts 
of  salts),  an  increase  in  Ag*  depth  of  penetration  was  observed  as  was  illustrated  in 
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glasses  with  r =0.5  and  1.0.  The  Ag*  were  more  responsive  to  the  microwave  field 
than  K+. 

♦ The  glass  where  r = 1 exhibited  an  increase  in  hardness  after  microwave 
driven  ion  exchange  when  compared  to  the  annealed  glass  of  the  same  composition. 

7.2  Corninp  Glass  (Code  * mt7) 

♦ Interdiffnsion  reactions  carried  out  using  the  slurry  technique  (potassium  for 
sodium)  performed  in  the  microwave  oven  at  400-  C and/or  450*  C for  45  minutes 

result  in  deeper  potassium  concentration  profiles  as  compared  to  those  performed 
in  a conventional  oven. 

♦ The  increase  in  potassium  depth  of  penetration  is  attributed  to  an  increase 
in  diffusion  brought  about  by  the  microwave  electric  field. 

♦ The  microwave  interdiffusion  coefficients  are  about  four  times  greater  at 

450-  C,  and  about  twice  as  much  at  400'  C,  than  the  conventional  interdiffusion 
coefficients. 

♦ The  conduction-independent  losses  were  calculated  at  2.45  GHz  over  a wide 
temperature  range  (25-  C-500-  C).  The  conduction  losses  may  contribute  to  the 
observed  enhancements  in  the  interdiffusion  K+~Na+  brought  about  by  microwave 
energy,  but  are  not  solely  responsible  for  them. 

♦ Microwave  ion  exchanged  glass  samples  exhibited  an  increase  in  hardness 
compared  to  the  annealed  glasses  of  the  same  compositions. 

♦ The  mean  hardness  is  higher  for  the  microwave  processed  samples  when 
compared  to  that  of  conventionally  ion  exchanged  samples. 
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glasses  with  r =0.5  and  1.0.  The  Ag+  were  more  responsive  to  the  microwave  field 
than  K+. 

♦ The  glass  where  r = 1 exhibited  an  increase  in  hardness  after  microwave 
driven  ion  exchange  when  compared  to  the  annealed  glass  of  the  same  composition. 

7.2  Corning  Glass  (Code  # 03171 

♦ Interdiffusion  reactions  carried  out  using  the  slurry  technique  (potassium  for 
sodium)  performed  in  the  microwave  oven  at  400°  C and/or  450°  C for  45  minutes 
result  in  deeper  potassium  concentration  profiles  as  compared  to  those  performed 
in  a conventional  oven. 

♦ The  increase  in  potassium  depth  of  penetration  is  attributed  to  an  increase 
in  diffusion  brought  about  by  the  microwave  electric  field. 

♦ The  microwave  interdiffusion  coefficients  are  about  four  times  greater  at 
450°  C,  and  about  twice  as  much  at  400°  C,  than  the  conventional  interdiffusion 
coefficients. 

♦ The  conduction-independent  losses  were  calculated  at  2.45  GHz  over  a wide 
temperature  range  (25°  C-500°  C).  The  conduction  losses  may  contribute  to  the 
observed  enhancements  in  the  interdiffusion  K++*Na+  brought  about  by  microwave 
energy,  but  are  not  solely  responsible  for  them. 

♦ Microwave  ion  exchanged  glass  samples  exhibited  an  increase  in  hardness 
compared  to  the  annealed  glasses  of  the  same  compositions. 

♦ The  mean  hardness  is  higher  for  the  microwave  processed  samples  when 
compared  to  that  of  conventionally  ion  exchanged  samples. 
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♦ Contact  angle  measurements  were  performed  on  the  glasses  of  interest.  The 
glass  samples  ion  exchanged  by  microwave  energy  exhibited  lower  contact  angles  than 
those  ion  exchanged  using  conventional  heating. 

* Glass  samples  heated  in  air  at  450'  C for  45  minutes  in  both  a microwave 

oven  and  a conventional  oven  exhibit  similar  contact  angles,  thus,  similar  surface 
energies. 

The  experimental  evidence  of  the  existence  of  the  microwave  effect  is 
provided  in  this  investigation.  The  microwave  effect  depends  on  the  composition, 
structure  and  dielectric  behavior  of  the  irradiated  materials.  Some  mechanisms  by 
which  diffusion  enhancements  can  occur  upon  microwave  irradiation  are  proposed. 


CHAPTER  8 


FUTURE  WORK 

Mass  transport  or  diffusion  is  of  importance  in  numerous  processes  involving 
ceramics  and  glasses,  including  sintering,  crystallization  and  chemical  strengthening. 
Therefore,  diffusion  studies  are  of  interest  from  a scientific  as  well  as  a practical 
point  of  view.  Microwave  energy  appears  to  provide  the  mean  by  which  diffusion 
rates  are  enhanced  in  some  materials  and  it  is  therefore  of  considerable  interest  to 
study  diffusion  using  microwave  energy.  The  microwave  processing  area  is  still  open 
to  investigations  and  further  efforts  are  necessaty  to  elucidate  the  fundamentals 
behind  materials/microwaves  interactions.  As  a follow-up  to  this  study,  some 
research  areas  of  interest  are  presented: 

1.  Perform  ion  exchange  experiments  in  a single  mode  microwave  apparatus. 

The  apparatus  should  be  equipped  with:  1)  a power  meter  capable  of  monitoring  (he 

power  incident  on  the  cavity,  2)  a voltage  sampling  probe  and  a power  head  capable 

of  measuring  the  power  reflected  from  the  cavity.  The  difference  in  these  two 

measurements  would  allow  the  determination  of  the  power  absorbed  by  the  glass 

samples  during  processing.  The  resulting  enhancements  in  K*  depth  of  penetration, 

if  any,  could  be  correlated  to  the  power  absorbed  by  the  glass  samples.  This  will 

allow  a quantitative  correlation  between  enhanced  diffusion  and  microwave  energy 
absorption. 
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2.  Unlike  K+,  22Na+  is  of  similar  size  to  Na+.  A microwave  diffusion  study 
using  "Na+  in  sodium  aluminosilicate  (NAS)  glasses  would  be  of  special  interest 
since  the  elastic  strain  energy  required  for  the  diffusion  of  a larger  ionic  species 
would  not  be  a variable.  Heat  treatment  can  be  performed  using  conventional 
methods  as  well  as  microwave  energy  to  draw  parallels  between  the  two  processing 
methods.  The  glass  samples  can  then  be  polished  and  the  thickness  of  glass  that 
would  be  removed  by  polishing  can  be  calculated  from  the  density  of  the  glass,  the 
area  of  the  diffused  surface  and  the  mass  of  each  section.  The  activity  could  be 
determined  on  a series  of  surfaces,  parallel  to  the  initial  surface  at  progressively 
greater  depths  into  the  diffusion  layer  of  the  specimen.  The  22Na+  concentration 
profile  can  then  be  derived  and  the  diffusion  coefficients  calculated  with  accuracy. 


APPENDIX  I 


The  Mosotti  Equation 

The  Mosotti  derivation  of  the  local  electric  field  acting  at  the  molecular  level 
is  a very  useful  concept,  however,  it  leads  to  catastrophic  situations  when  applied  to 
polar  molecules.  The  polarization  goes  to  infinity  when  the  polarizability  term 
approaches  a critical  value  [Von54]. 

For  solids,  it  is  necessary  to  take  into  account  the  influence  on  a molecule  (or 
an  atom)  of  the  electrostatic  forces  created  by  the  surrounding  molecules  (or  atoms). 
Any  given  molecule  (or  atom)  can  be  acted  upon  by  a local  field  consisting  of  an 
externally  applied  electric  field  and  an  internal  electric  field  created  by  its 
surroundings.  The  following  discussion  consists  of  the  derivation  of  the  Mosotti 
equation  as  found  elsewhere  [Aza63].  The  simplest  approach  to  evaluate  the  electric 
field  inside  the  dielectric  is  to  imagine  a cavity,  of  a given  geometry  (needle-,  disk-, 
or  spherically-shaped),  inside  which  resides  a test  charge.  The  imaginary  cavity 

dimensions  are  relatively  large  compared  to  the  atom,  but  very  small  when  compared 
to  the  dielectric. 

Consider  the  parallel  plate  capacitor  shown  in  Figure  1.1  in  which  a)  needle- 
shaped,  b)  disk-shaped  and  c)  sphere-shaped  cavities,  each  of  which  contains  a test 
charge,  q.  If  one  considers  the  needle-shaped  cavity  oriented  with  the  axes  of  the 
applied  electric  field,  Eapp,  then  the  residing  test  charge  is  acted  upon  by  a force  of 
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Figure 

cavities 

shaped 
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1.1  An  illustration  of  a parallel  plate  capacitor  that  include  different 
each  of  which  contains  a test  charge,  q,  a)  needle-shaped,  b)  disk- 
and  c)  sphere-shaped  cavities. 
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magnitude  qEapp.  For  the  disk-shaped  cavity,  the  bound  charges  of  density,  P,  appear 
on  the  two  surfaces  of  the  disk  and  the  force  acting  on  the  test  charge  is  due  to  the 
externally  applied  field  and  the  polarization  charges,  so  that: 

qEloc  = q (D/e  0)  = qE  + q (P/e0)  (1) 

which  yields  the  fundamental  equation  relating  the  applied  electric  field,  the  electric 
displacement  vector  (electric  induction), D , and  the  polarization: 

D = eoEapp  + P (2) 

The  polarization,  P,  acts  to  change  the  value  of  the  field  inside  the  material.  The 
applied  electric  field,  Eapp,  and  the  polarization,  P,  are  parallel  and  generally  in 
opposite  directions.  The  effective  (macroscopic)  field  inside  the  dielectric  is  thus 
lower  in  magnitude  than  the  applied  field.  Since  the  electric  induction  is  directly 
related  to  the  internal  electric  field  (macroscopic  electric  field  inside  the  dielectric 

material),  Eint,  through  the  dielectric  permittivity  (D  = e E)  and  the  following  equation 
is  obtained: 

eEjnt  - ^o^app  + P (3) 

The  local  field  (microscopic)  acting  on  the  atom  is  derived  by  considering  an 
imaginary  sphere-shaped  cavity  (cavity  c in  Figure  1.1)  surrounded  by  a continuum 
having  a dielectric  constant  k.  An  enlarged  view  of  the  cavity  is  illustrated  in  Figure 
1.2.  The  force  acting  on  the  test  charge  (the  atom)  is  calculated  by  evaluating  the 
total  electrostatic  force  created  by  the  imaginary  charged  sphere.  This  is  performed 
by  1)  subdividing  the  sphere  in  to  small  surface  elements,  dA,  2)  calculating  the 
electrostatic  force  produced  by  each  surface  element  and  3)  adding  the  electrostatic 
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igure  1.2  An  enlarged  view  of  the  spherical  cavity. 
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forces  of  all  the  surface  elements.  By  considering  a spherical  ring  as  the  elemental 
surface  area,  dA  is  found  to  be 


dA  = 27rrsin©  rd©  (4) 

The  charge  density  on  a surface  element  is  equal  to  the  normal  component  of  the 
polarization  times  the  surface  element,  that  is,  P cosed  A.  The  charged  surface 
element  creates  an  electrostatic  force  given  by  Coulomb's  law: 


dF  - q Pcos0dA/47re  0r2 


(5) 


replacing  the  elemental  surface  dA  by  its  value  yields: 


dF  - - q Pcose  2jrrsin©  rd©  /47re0r2 

dFx  = -qp/2e0  f0  cos©2  sin©  d© 
This  integral  is  calculated  by  substituting  the  variables: 

z = cos©  and  dz  = - sined© 


(6) 

(7) 

(8) 


so  that 


Fx  = qP/2e0  J1.!  z2  dz 
Fx  = q P/3e0 

This  is  referred  to  as  Lorenz's  force.  The  local  field 
material  corresponds  to  the  sum  of  four  fields: 


acting  on 


(9) 

(10) 

the  atom  in  the 


EioC  - E,  + E,  + E3  + E4  (ii) 

Ej  is  the  electric  field  caused  by  the  charge  density  on  the  plates: 

Ei  = DAo  = Eapp  + P/e0  (12) 

E2  is  the  field  induced  by  the  charge  density  built  up  on  the  internal  surfaces  of  the 
plates,  with  a direction  opposite  to  Eapp  and  an  intensity  given  by 


E2  = -P/e0 

E3  is  the  field  created  by  the  imaginary  sphere: 
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(13) 

E3  = P/3e0  (14) 

E4  is  the  intensity  of  the  field  at  the  center  of  a spherical  cavity  due  to  the  dipoles 
of  the  atoms  contained  in  that  cavity.  If  symmetry  is  assumed,  this  term  can  be 
shown  to  be  zero  since  the  oppositely  oriented  electrostatic  forces  will  cancel  out: 

E4  = 0 (15) 

The  total  field  acting  on  the  atom  under  consideration  is  therefore: 

Eloc  — Eapp  E/3£  0 (16) 

Note  that  the  local  field  intensity  acting  on  the  atom  is  larger  than  the  externally 
applied  field.  The  local  field  acting  on  the  atom  should  not  be  confused  with  the 

effective  (macroscopic)  field  inside  the  dielectric.  Substituting  equations  12-15  into 
equation  16  yields: 


Eloc  Eapp  + (k  - l)eOEapp/3eo 

(17) 

Eloc  = Eapp  (3  + k - l)/3 

(18) 

and 

Eloc  = Eapp  (k  + 2)/3 

(19) 

Equation  19  is  referred  to  as  the  Mosotti  equation. 

APPENDIX  II 


Debye's  Equations 

The  following  section  addresses  the  division  of  the  complex  dielectric  constant 


(equation  2.73)  into  real  and  complex  parts. 

e*  = ea  + (es-  e„)/(l  + ic or)  (19) 

= ea  + (es  - e„)/(l  + icor)  x (1  - ico r )/(l  - icor)  (20) 

= + [(es  - eB)  (1  + iior  )]/( 1 + co2r2)  (21) 

= ew  + [es  - - ia)r(es  - e.)]/(l  + o >2r2)  (22) 

= £co  + [(e s ' 0]/(l  + v2*2)  - [iwr(£s  - e«)]/(l  + w2r2)  (23) 

Since 


then 


and 


e * = e ' - ie " 

e'  = effl  + [(es  - ej]/(l  + w2t2) 
e"  =[ur(es  -£«,)]/ ( 1 + u>2t2) 


(24) 


(25) 


(26) 
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APPENDIX  III 


For  a microwave  traveling  in  a lossy  material  in  the  z direction,  the  power 
dissipation  (in  the  z direction)  can  be  given  by 

Pz  « exp(-2az)  HI.  1 

in  which  a is  the  dissipation  factor 

a = III.2 

Hk') 

Microwave  energy  absorption  calculations  were  done  for  several  materials  of 
interest  in  this  investigation,  the  results  of  which  are  summarized  in  Table  III.l. 

Table  III.l.  Microwave  Energy  Absorption  for  Different  Materials  at  450°  C 


Materials 

SiC 

SALI 

Slurry 

kno3 

AgN03 

a (1/m) 

35.7 

1 

3.7 

16 

16 

z(m) 

( 1-1.5)  10'3 

0.015 

0.001 

0.01 

0.01 

Pz/Pi 

0.931 

0.970 

0.992 

0.726 

0.726 

(PZ-P,)/P-AP/P, 

7-10% 

3% 

0.8% 

27.4% 

27.4% 

Pa 

for  Pj  = 800W 

-50-80W 

~24W 

«6W 

»220W 

~220W 

Pa  for  z=  0.5-1. 0mm 
A P/^  = 3.5-7% 

P,  = 1600W 

-50-110W 

*48W 

~ 12W 

— 

— 

In  this  table,  Pj  and  Pa  refer  to  the  incident  and  absorbed  powers,  respectively. 
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APPENDIX  IV 


When  an  electric  field  is  applied  to  a material,  the  most  mobile  ionic  species 
(inside  the  material)  move  under  the  driving  force  of  the  electric  field  to  lower  their 
free  energy.  The  electric  field  will  lower  the  potential  barrier  (opposing  migration) 
on  the  side  in  the  direction  of  the  field  and  increase  in  on  the  opposite  side  by  an 
equivalent  amount.  If  the  ionic  jump  distance  (the  distance  between  the  two  energy 
wells)  is  d,  the  potential  added  in  the  direction  of  the  field  is  f(l/2)zeEd]  where  z 
is  the  valence  of  the  ion  (1  in  this  case),  e is  the  charge  (1.602  x 10'19  C or  J/V)  and 
E is  the  magnitude  of  the  electric  field.  The  work  of  the  electric  force,  W,  brought 
about  by  an  electric  field  of  the  same  magnitude  as  that  of  the  microwave  electric 
field  (~10+5V/m)  can  be  calculated  and  compared  to  the  thermal  energy  of  the  ion. 
By  assuming  a reasonable  jump  distance  of  about  5A,  W can  be  calculated  to  be 


The  thermal  energy,  kbT,  where  kb  is  the  Boltzmann  constant  (1.381  10'23  J /K) 
can  be  calculated  tor  the  ion  exchange  temperature  used  in  this  study  (^450°  C) 


W = (1/2)  d(ze)E 
= 4.005  10'23  (J) 


IV. 2 


IV.  1 


kbT  = 9.98463  10'21  (J) 


IV.3 


The  ratio  of  these  two  energies  is 


W/(kbT)  * 0.2% 


IV.4 
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